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Gene transcription is a complicated multi-step process. In this process, the 
accessibility of a gene to the transcription machinery and other transcription factors is 
important for the regulation of transcription. This accessibility depends upon the 
structure of the chromatin which, in eukaryotic cells, is DNA packaged along with 
nuclear proteins. Most of these nuclear proteins are histones, including histone H1, 
H2A, H2B, H3 and H4. Two copies of each of the latter four histones, named core 
histones, form an octomer wrapped around by DNA to form the nucleosome, the 
smallest structural unit of chromatin. Certain amino acid residues of the histone 
proteins were found to undergo post-translational modifications. These histone 
modifications, which include acetylation, methylation, phosphorylation, and 
ubiquitination, control the structure of chromatin by modulating the interactions 
between histones and other nuclear proteins. In this project, I have screened yeast 
genomic DNA libraries for histone-interacting proteins with the help of the split-
ubiquitin system. Thirty-four proteins were isolated as novel interactors for the 
histones H1, H2B, H3 and H4. The novel interacting candidates include transcription 
factors, subunits of RNA polymerase II, and splicing factors. In vitro GST pull-down 
assays for four of the candidates, Paf1p, Rpb4p, Slm1p and Ynl010wp, showed direct 
interactions with the core histones H2B and H2A, respectively. Yeast strains deleted 
for some of the candidates phenocopied certain histone mutations. For example, null 
mutants of PAF1, RPB4, SLM1 and YNL010W as well as an H4 mutant lacking the N-
terminus were sensitive to 3-aminotriazole, indicating that all these proteins are 
involved in the transcriptional activation of the HIS3 gene by Gcn4p. This prediction 
was confirmed with quantitative real-time PCR assays of the mRNA in null mutants 
of RPB4, PAF1, SLM1 and YNL010W. In these mutants, the increase of the activated 
 viii
HIS3 mRNA level was reduced compared with the wild type strain. Chromatin 
immunoprecipitation assays showed that the histone-interacting candidates Paf1p, 
Rpb4p and Ynl010wp were recruited to HIS3 gene under activated condition, whereas 
Slm1p was found at the HIS3 gene regardless if the gene was activated or not. An 
examination of the modification status of H2B suggested that the transcriptional 
functions of Paf1p, Rpb4p, Slm1p and Ynl010wp on the HIS3 gene were correlated 
with their influence on the mono-ubiquitination status of histone H2B. The physical 
interactions between Paf1p, Rpb4p, Slm1p and Ynl010wp and H2B might help their 
association with chromatin where they facilitate the activated transcription and 
influence histone modification. The observations of this study develop our knowledge 
on the transcriptional function of Paf1p and Rpb4p, which were known to be 
important for transcription, and suggest novel transcriptional functions for Slm1p and 
Ynl010wp, which were not known to be involved in transcription. The histone-
interacting proteins may affect other histone modifications as well and they may also 
be important for other aspects of DNA biology regulated by chromatin structure. 
 ix
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1.1 Overview of transcription 
Transcription, the process of DNA-directed RNA synthesis, is carried out by 
the enzyme RNA polymerase. In prokaryotes, there is only one RNA polymerase 
which is responsible for the production of three types of RNA: rRNA, mRNA and 
tRNA, while in eukaryotes, the synthesis of different RNAs is mediated by several 
different RNA polymerases. In 1969, Roeder and Rutter isolated three distinct RNA 
polymerases from sea urchin embryos based on their chromatographic property: RNA 
polymerase I came out from the DEAE-Sephadex column first at the lowest salt 
concentration, followed by RNA polymerase II at an intermediate salt concentration 
and RNA polymerase III at the highest salt concentration (Roeder and Rutter, 1969). 
RNA polymerase I is mainly involved in the transcription of ribosomal RNA (rRNA). 
RNA polymerase II is primarily responsible for the transcription of messenger RNA 
(mRNA) and some small nuclear RNA. RNA polymerase III mediates the synthesis of 
transfer RNA (tRNA), 5S rRNA and most small nuclear RNA (Roeder and Rutter, 
1970). Recently, a fourth RNA polymerase localized in the nucleus was identified in 
plants. RNA polymerase IV is able to catalyze the production of small interfering 
RNA (siRNA) which is involved in DNA methylation, transcriptional silencing and 
heterochromatin formation (Herr et al., 2005; Onodera et al., 2005). Although the 
four RNA polymerases possess different biochemical property and fulfill different 
transcriptional functions, there are some similarities among these polymerases, such 
as in spite of their composition of multiple subunits, they can not initiate transcription 
without the help of other transcription factors. The synthesis of mRNA is an important 
process since mRNA conveys the genetic information carried in DNA to proteins - the 
executors of most biological processes in cell. I will review the literatures on RNA 
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polymerase II-mediated mRNA transcription and its regulation by transcription 
factors. 
 
1.1.1 Sequential recruitment of the RNA polymerase II machinery 
To carry out the transcription of protein-coding genes, RNA polymerase II 
needs the cooperation of other transcription factors. It was demonstrated that crude 
cellular extracts were able to help exogenous (purified from either human, calf, 
murine or amphibian cells) RNA polymerase II to selectively and accurately 
transcribe adenovirus DNA template in vitro (Weil et al., 1979). The components of 
the crude cellular extracts were then separated and analyzed and were named TFIIA, 
TFIIB, TFIID, TFIIE, TFIIF and TFIIH (Transcription factor IIA, IIB, IID, IIE, IIF 
and IIH) with the letter A to H corresponding to the chromatographic fraction they 
were isolated from (Matsui et al., 1980; Samuels et al., 1982; Reinberg et al., 1987; 
Flores et al., 1989; Flores et al., 1990; Flores et al., 1991; Flores et al., 1992; Ge et al., 
1996). These transcription factors are collectively called general/basal transcription 
factors (GTFs). Similar to RNA polymerase II, the GTFs, except TFIIB, are multi-
subunit complexes consisting of 2 to 14 stably associated proteins. The method of the 
isolation of the GTFs can be found in Flores’ paper (Flores et al., 1992) and the 
compositions of the GTFs were summarized in Martinez’s review (Martinez, 2002).  
RNA polymerase II and the GTFs which are recruited to the core promoter, the 
minimal DNA sequence needed for non-regulated transcription, are collectively 
named transcription machinery. Once transcription is initiated, the components of the 
transcription machinery are recruited to the core promoter in a sequential assembly 
manner to form the pre-initiation complex (PIC) (Hahn, 2004). The order of the 
assembly and the relative positions of each factor in the PIC complex were 
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determined with native gel electrophoresis DNA binding assay and DNase I 
footprinting analysis (Buratowski et al., 1989). The results revealed that this 
recruitment starts with the binding of TFIID to promoter DNA.  
TFIID is composed of TATA box-binding protein (TBP) and about 13 TBP 
associated transcription factors (TAFs). TBP is highly conserved among all 
eukaryotes and the 180-amino acid core domain of TBP shares 80% sequence identity 
(Leng et al. 1998). The core domain of TBP is saddle-shaped with a concave/convex 
surface. The concave surface of TBP binds to the minor groove of the TATA DNA 
sequence and the binding induces a severe bend (more than 80°) in DNA. The convex 
surface of TBP serves as a binding platform for other transcription factors, such as 
TAFs, and thereby nucleates the assembly of the PIC (Kim et al., 1993b; Juo et al., 
1996; Nikolov et al., 1996). Although TBP is essential for all eukaryotes, it was 
revealed by DNA sequence analysis that only less than 22% of genes in human and 
about 30% of genes in D. melanogaster contain a TATA box (Ohler et al., 2002; 
Gershenzon and Ioshikhes, 2005). For those TATA-less promoters, the recruitment of 
TBP is mediated by the interactions of TAFs with the core promoter elements, such as 
Taf6p and Taf9p, which are able to bind to the downstream promoter element (DPE) 
(Burke and Kadonaga, 1997; Shao et al., 2005). Taf1p and Taf2p are able to bind to 
the initiator element (Inr) (Chalkley and Verrijzer, 1999). In this way, the TFIID 
complex is able to bind to both TATA-containing and TATA-lacking promoters. TBP 
and TAFs work synergistically to start the recruitment of transcription machinery.  
TFIIA is the next GTF recruited to core promoter. Human TFIIA consists of 3 
subunits: α, β and γ (Ma et al., 1993; Sun et al., 1994), which are homologous to the 
D. melanogaster TFIIA 30, 20 and 14 kD subunits (Yokomori et al., 1994) and to the 
S. cerevisiae TFIIA subunits Toa1p and Toa2p (Ranish and Hahn, 1991). TFIIA 
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contains a beta-sheet barrel domain which contacts with DNA and TBP, and a four-
helix bundle domain which interacts with other components of the transcription 
machinery (Stargell et al., 2001). TFIIA has been showed to interact with components 
of TFIID, including TBP (Maldonado et al., 1990; Usuda et al., 1991; Cortes et al., 
1992; Lee et al., 1992; Ma et al., 1993; Sun et al., 1994; Stargell and Struhl, 1995), 
and Taf1p (Solow et al., 2001), Taf4p (Yokomori et al., 1993), TAF11 (Kraemer et 
al., 2001; Robinson et al., 2005) and S. cerevisiae Taf40p (Kraemer et al., 2001). The 
primary function of TFIIA is to stimulate and stabilize the TFIID-DNA interaction 
and to form a stable TFIID-DNA-TFIIA complex which will in turn facilitate the 
recruitment of other general transcription factors (Wang et al., 1992; Lieberman and 
Berk, 1994; Chi et al., 1995; Kobayashi et al., 1995; Ranish et al., 1999; Dion and 
Coulombe, 2003). TFIIA was shown to play an important role in activator-dependent 
transcription. In some cases, it even binds directly to the activator and mediates the 
interaction between the activator and TFIID and consequently enhances the 
recruitment of TFIID to the core promoter (Ma et al., 1993; Yokomori et al., 1994; 
Stargell and Struhl, 1995; Liu et al., 1999; Stargell et al., 2001). 
TFIIB is recruited to the core promoter through its direct interaction with TBP 
of the TFIID complex (Glossop et al., 2004; Zheng et al., 2004). TFIIB is a highly 
conserved transcription factor, too. Human TFIIB is a single 33kDa protein sharing 
homologous sequence with D. melanogaster TFIIB and S. cerevisiae TFIIB/Sua7p 
(Pinto et al., 1992; Wampler and Kadonaga, 1992; Yamashita et al., 1992). The 
structure of TFIIB includes an N-terminal zinc ribbon motif, a B-finger in the middle 
and a protease-resistant C-terminal core (Barberis et al., 1993; Malik et al., 1993). 
The zinc ribbon interacts with the Rpb1p and Rpb2p subunits of RNA polymerase II 
(Chen and Hahn, 2003; Bushnell et al., 2004) and the Rap30p subunit of TFIIF (Ha et 
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al., 1993; Fang and Burton, 1996) and thereby plays an important role in the 
recruitment of RNA polymerase II and TFIIF to the core promoter region (Ghosh et 
al., 2004). The adjacent B-finger is involved in a conformational change of TFIIB, 
which was observed when TFIIB was associated with the TBP-DNA complex 
(Hawkes et al., 2000; Fairley et al., 2002; Elsby and Roberts, 2004; Zheng et al., 
2004). In the absence of activators, the N- and C-terminal regions of TFIIB form an 
intramolecular interaction to block interacting surfaces of other transcription factors. 
Acidic activators are able to change the conformation of TFIIB through disruption of 
the intra-molecular interaction and expose the binding surfaces of other GTFs on 
TFIIB (Roberts and Green, 1994). This 'closed-to-open' conformational change is 
critical for the formation of activator-dependent transcription complexes (Glossop et 
al., 2004). The C-terminal core domain of TFIIB binds to the TBP-DNA complex as 
observed with photo-crosslinking experiments (Coulombe et al., 1994; Lagrange et al., 
1996). This binding on one hand helps to recruit TFIIB to the activated promoter, on 
the other hand further stabilizes the interaction between TFIID and promoter DNA.  
Through the interaction with the zinc ribbon motif of TFIIB, the RNA 
polymerase II/TFIIF complex joins the assembly of the PIC. TFIIF was proposed to 
regulate RNA polymerase II at both the initiation and elongation stages of 
transcription (Tan et al., 1995). Human TFIIF, as well as D. melanogaster TFIIF, is a 
heterotetramer composed of two Rap30p and two Rap74p subunits. The 
corresponding complex in S. cerevisiae possesses three subunits, Tfg1p, Tfg2p and 
Tfg3p (Henry et al., 1992; Henry et al., 1994). Rap30p, the smaller subunit of TFIIF, 
contains an N-terminal TFIIB-interacting region (Fang and Burton, 1996), an N-
terminal Rap74p-interacting region (Yonaha et al., 1993), a central Rpb5p-interacting 
region (Wei et al., 2001; Le et al., 2005) and a TFIIE–interacting region (Okamoto et 
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al., 1998). Rap74p, the larger subunit of TFIIF, contains binding sites for Rap30p, 
TFIIA, TFIIB, TFIID and the Rpb4p/Rpb7p subunit complex of RNA polymerase II 
(Lei et al., 1998; Langelier et al., 2001; Funk et al., 2002; Fang and Burton, 1996; 
Archambault et al., 1998; Abbott et al., 2005a; Chung et al., 2003). The structure 
feature of TFIIF determines its roles in the recruitment of RNA polymerase II to the 
promoter, the stabilization of the PIC and the subsequent recruitment of another GTF, 
TFIIE. 
Human TFIIE is a heterotetramer which is composed of two subunits of α (57 
kDa) and β (34 kDa) (Ohkuma et al., 1990; Ohkuma et al., 1991; Sumimoto et al., 
1991; Peterson et al., 1991). The homolog of TFIIE in S. cerevisiae also contains two 
subunits designed Tfa1p (66 kDa) and Tfa2p (43 kDa) (Feaver et al., 1994). The N-
terminal region of the α subunit is responsible for its interactions with the β subunit 
and the RNA polymerase II, while its C-terminal region is involved in the interaction 
with TFIIH (Ohkuma et al., 1995; Kuldell and Buratowski, 1997; Okuda et al., 2004). 
The N-terminal amino acids 62-164 of Tfa1 interacted with the Rpb9p subunit of 
RNA polymerase II (Van Mullem et al., 2002). The β subunit of TFIIE contains an N-
terminal serine-rich region which enhances the Rpb1p C-terminal domain 
phosphorylation by TFIIH, a central domain interacting with double-stranded DNA 
and a C-terminal region which binds TFIIEα, TFIIF, TFIIA, TFIIB, TFIIH and RNA 
polymerase II (Flores et al., 1989; Maxon et al., 1994; Okamoto et al., 1998; 
Yokomori et al., 1998; Langelier et al., 2001; Watanabe et al., 2003; Forget et al., 
2004). TFIIE is essential for transcription initiation. The β subunit of TFIIE stimulates 
TFIIH helicase and ATPase activities which are utilized in the promoter opening and 
escape processes (Lin et al., 2005). TFIIE also recruits and stimulates the TFIIH-
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dependent kinase activity that phosphorylates the C-terminal domain of Rpb1p, the 
largest subunit of RNA polymerase II (Ohkuma and Roeder, 1994). 
Through a physical interaction with TFIIE, the transcription initiation/DNA 
repair factor TFIIH is recruited to the PIC (Lommel et al., 2000). TFIIH, the last 
multi-subunit GTF approaching the core promoter, possesses DNA-dependent 
ATPase, DNA helicase, and protein kinase activities. Without TFIIH ATPase activity 
or ATP, RNA polymerase II was shown to accumulate on promoter-proximal region 
and produced abortive transcription products (Dvir et al., 1997; Kugel and Goodrich, 
1998; Kumar et al., 1998). The XPB and XPD subunits of human TFIIH (Rad52p and 
Rad3p subunits of S. cerevisiae TFIIH) have ATP-dependent helicase activity, which 
is necessary for promoter clearance in transcription (Goodrich and Tjian, 1994, Wang 
et al., 1994). The cyclin-dependent kinase 7 (CDK7) subunit of human TFIIH 
(Kin28p of S. cerevisiae TFIIH) is able to phosphorylate the serine 5 of RNA 
polymerase II CTD domain (Lu et al., 1992; Serizawa et al., 1992). This 
phosphorylation is a specific marker of the transcription initiation stage (Yamamoto et 
al., 2001). Other than RNA polymerase II, TFIIH also specifically phosphorylates 
three other general transcription factors: human TFIID tau (TBP), TFIIE-alpha and 
TFIIF-alpha (Rap74p) (Ohkuma and Roeder, 1994). In addition to the transcriptional 
function, TFIIH is also important for DNA repair through the nucleotide excision 
repair (NER) pathway. The structural domain indispensable for DNA repair was 
identified to be a PH domain spanning residues 1-108 in the N-terminal of the XPD 
subunit (Gervais et al., 2004). 
The above summarized in-order recruitment of the transcription machinery to 
the core promoter was concluded as a sequential assembly pathway by Thomas and 
Chiang. In their review, they also described an alternative pathway for PIC formation: 
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the polymerase II holoenzyme pathway (Thomas and Chiang, 2006). RNA 
polymerase II holoenzyme was first purified from S. cerevisiae, which contains RNA 
polymerase II and some regulatory proteins like GTFs and SRBs (suppressors of RNA 
polymerase B mutations) (Koleske, 1994). In the same year, another research group 
also purified a holoenzyme, whereas, maybe due to methodological difference, only 
mediator proteins were found to associate with RNA polymerase II. The purification 
of a holoenzyme indicates that RNA polymerase II may form a complex with 
transcription factors without binding to DNA, and that this holoenzyme may be 
recruited to a TFIID-DNA promoter as a whole complex. Evidence for both 
sequential assembly pathway and holoenzyme pathway were found (Orphanides et al., 
1996; Hampsey, 1998; Parvin and Young, 1998; Lee and Young, 2000; Lemon and 
Tjian, 2000). It is possible that different pathways are applied for different promoters 
under different environmental conditions.  
 
1.1.2 Regulation of gene expression by transcription factors 
Gene expression may vary under different environmental conditions and at 
different stages of development. To achieve differential gene expression, the 
efficiency of the recruitment of GTFs to core promoters is regulated by transcription 
factors, such as gene-specific activators, repressors, nonspecific co-factors and 
general transcription factors themselves. 
Most general transcription factors consist of multiple subunits whereas only the 
compositions of TFIIA and TFIID were reported to be variable and may be specific to 
cell type and promoter (Aoyagi and Wassarman, 2000; Hansen and Tjian, 1995). For 
instance, in contrast to TFIIAα and TFIIAβ, which are widely expressed in human 
tissues, human TFIIAα/β-like factor (ALF) was found to be enriched in testis and 
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may be important for testis-specific transcriptional regulation (Upadhyaya et al. 1999; 
Ozer et al., 2000). The small subunit of D. melanogaster TFIIA (dTFIIA-S) is 
specifically up-regulated in the developing eye during Ras-mediated photoreceptor 
induction (Zeidler et al., 1996). The variant of TBP-related factor 1 (Trf1p) is 
expressed in a tissue-specific fashion during D. melanogaster embryogenesis. Trf1p 
selectively recognizes the tudor promoter to replace TBP and regulate tudor gene 
transcription (Holmes and Tjian, 2000). Like TBP and Trf1p, TBP-related factor 2 
(Trf2p) binds to TFIIA and TFIIB to form a large protein complex as well. However, 
Trf2p is associated with distinct loci on the D. melanogaster chromosomes due to its 
unique DNA binding motif. So Trf2p may have different promoter specificity from 
TBP and Trf1p and regulate a select subset of genes (Rabenstein et al., 1999). Other 
than TBP, TAF components of TFIID are also variable as reviewed by Bell and Tora 
(Bell and Tora, 1999). 
Since the assembly of the PIC on promoters is a multiple-step process, every 
step of this process can be the target of transcriptional repressors or corepressors. 
Such as the mammalian repressor of transcription RBP (CBF1), which binds to TFIID 
and TFIIA and disturbs the optimal interactions between these two GTFs and 
consequently, prevents activated transcription (Olave et al., 1998). The recruitment of 
the TFIIA complex to the core promoter can be inhibited by the transcriptional 
corepressor Dsp1p, which binds directly to TBP-DNA to form a stable complex 
(Kirov et al., 1996). The zinc-finger protein from Xenopus laevis, Nzfp, was also 
shown to interact with TBP-DNA and prevent the assembly of TFIIA and TFIIB to 
the core promoter and thereby repress transcription (Kim et al., 2003). The assembly 
of TFIIB and TFIIF at a promoter was targeted by the corepressor Rpb5p-mediating 
protein (RMP) which bound to TFIIB and TFIIF. Overexpression of RMP suppressed 
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the transcription activated by Gal-VP16 (Wei et al., 2003). The heat shock factor-4 
(HSF-4) contains two alternative splice variants, one of which possesses 
transcriptional repressor properties. This repressor isoform inhibits basal transcription 
of HSP27 and HSP90 through interaction with TFIIF (Frejtag et al., 2001). 
In contrast to the transcriptional repressors and corepressors, some 
transcriptional activators are able to enhance activated transcription by accelerating or 
stabilizing the assembly of the PIC. A good example is the activator CTF1 (CCAAT-
box-binding transcription factor 1), which selectively binds to TFIIB via its proline-
rich activation domain and enhances the recruitment of TFIIB to TBP-DNA 
complexes on the promoter during PIC assembly (Kim and Roeder, 1994). 
Additionally, the transcriptional activators LSF, GLN and VP16 increase the rate of 
association of TFIIB with the promoters and consequently dramatically increase the 
rate of PIC formation (Sundseth and Hansen, 1992). Transcriptional coactivators were 
defined as proteins that are required for activation but are dispensable for basal 
transcription and are distinct from activator and basal factor (Guarente, 1995). The 
best characterized coactivators are TAFs, which connect activators and TBP via 
physical interactions. In addition to TBP, Taf60p and Taf110p were also showed to 
bind to TFIIA and TFIIB (Tjian and Maniatis, 1994). These physical interactions are 
important for the recruitments of the basal transcription factors TFIID, TFIIA and 
TFIIB to the PIC and stabilize the complex.  
Post-translational modification of GTFs is another important mechanism for 
transcriptional regulation. The largest subunit of S. cerevisiae TFIIA, Toa1p, is 
phosphorylated in vivo and this phosphorylation is able to stabilize the TFIIA-TBP 
interaction and is required for maximal transcription at the URA1, URA3, and HIS3 
promoters (Solow et al., 1999). Rap74p, a subunit of human TFIIF, and Taf(II)250p, a 
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subunit of TFIID, are also phosphorylated and these phosphorylations are important in 
transcriptional initiation and elongation (Kitajima et al., 1994; Rossignol et al., 1999). 
SUMO-1 is a small ubiquitin-related modifier. The conjugation of SUMO-1 to a 
lysine residue of a protein is termed sumoylation. It was demonstrated that 
sumoylation of the Taf5p subunit of human TFIID interfered with the binding of 
TFIID to the core promoter and thereby inhibited the PIC assembly (Boyer-Guittaut et 
al., 2005).  
Modulation of an activator is an important way of transcriptional regulation, 
because transcriptional activators bind to promoter DNA and then, with the help of 
some coactivators, promote the recruitment of TFIID to start the assembly of the PIC. 
Transcriptional activators can be modulated via three mechanisms: to be released 
from inhibitors, to be increased in protein concentration and to be translocated from 
the cytoplasm to the nucleus. The activator Gal4p is regulated through the first two 
mechanisms. In glucose media, the repressor Mig1p represses transcription of the 
GAL4 gene. In non-glucose non-galactose media, the GAL4 gene is derepressed but 
the activation activity of Gal4p is still inhibited by Gal80p, which directly bind to the 
activation domain of Gal4p. Only when Gal80p dissociates from Gal4p resulting from 
S. cerevisiae using galactose as the sole carbon source, Gal4p can activate 
transcription of the GAL genes (Lamphier and Ptashne, 1992; Frolova et al., 1999). 
Gcn4p, the transcriptional activator of the amino acid bioynthesis system in S. 
cerevisiae, can be modulated by the second mechanism. The DNA binding activity of 
Gcn4p, as well as the ability to activate transcription, is correlated with Gcn4p protein 
concentration in the cell (Albrecht et al., 1998). Gcn4p protein level is regulated at the 
level of transcription, translation and protein degradation (Hinnebusch, 2005). After 
the switch to starvation conditions, translation of the GCN4 mRNA is induced within 
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20 min. After 3 to 4 hours of starvation, increase of GCN4 transcription leads to an 
additional second phase of Gcn4p expression (Albrecht et al., 1998). In amino acid-
rich media, Gcn4p protein is rapidly degraded through the ubiquitin proteolytic 
pathway with a half-life of only 2 to 3 minutes. However, Gcn4p protein degradation 
can be four to five times slower when S. cerevisiae is cultured under amino acids 
starvation conditions (Kornitzer et al., 1994; Meimoun et al., 2000; Chi et al., 2001; 
Irniger and Braus, 2003). The third mechanism of the activator modulation is used for 
activators like Gln3p, Msn2p, Msn4p, Stat3p and Stat5p (Beck and Hall, 1999; 
Carvalho et al., 2001; Mutze et al., 2007). These transcription factors are normally 
sequestered in the cytoplasm and are only translocated into the nucleus under 
corresponding induction conditions. For instance, the GATA-type transcription factor 
Gln3p resides in the cytoplasm when S. cerevisiae is cultured under conditions of high 
nitrogen. In contrast, Gln3p accumulates in the nucleus upon nitrogen starvation, 
thereby activates nitrogen catabolite repression genes. This nuclear translocation of 
Gln3p is regulated through its phosphorylation status: in nitrogen-rich media, Gln3p is 





1.2 Chromatin structure and transcription 
In the eukaryotic cell, DNA is packed into a tiny nucleus together with nuclear 
proteins to form chromatin, which is condensed but highly organized. Chromatin 
structure is classified into several hierarchical levels: DNA, nucleosome, the 10nm 
"beads-on-a-string" fibre, the 30nm fibre and the chromosome. The accessibility of a 
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gene depends on the structure of the chromatin. In order to perform transcription, 
RNA polymerase II, transcription factors and cofactors have to approach the template 
DNA, but the compact structure of chromatin restrains the accessibility of DNA. To 
activate a target gene, the chromatin structure has to be remodeled in order to expose 
the target DNA to the transcription machinery. Chromatin structure can be regulated 
by ATP-dependent chromatin remodeling complexes, ATP-independent histone 
modifying enzymes and histone variants. In vertebrates, DNA methylation also affects 
chromatin structure (Wolffe, 2001; Narlikar et al., 2002; Cunliffe, 2003). In this 
section, influences of ATP-dependent chromatin remodeling complexes, histone 
modifying enzymes, histone variants and DNA methylation on chromatin structure 
and transcription will be introduced. 
 
1.2.1 Influences of ATP-dependent chromatin remodeling complexes on 
chromatin structure and transcription 
Chromatin remodeling complexes can alter chromatin structure via 
rearrangement of nucleosomes in an ATP-dependent manner. These complexes each 
contain a catalytic ATPase subunit. Based on the identity of the ATPase subunit, the 
complexes can be divided into three classes (Narlikar et al., 2002; Uffenbeck and 
Krebs, 2006). The first class is the well studied SWI/SNF family whose ATPase 
subunit contains a bromo domain in addition to the ATPase domain. Members in this 
family mainly include SWI/SNF and RSC complexes in S. cerevisiae, hSWI/SNF 
complex in human cells and dSWI/SNF in D. melanogaster. The second class is the 
ISWI family whose ATPase subunit contains an ATPase domain and a SANT domain. 
Members in this family include ISW1 and ISW2 complexes in S. cerevisiae, RSF, 
hACF and hCHRAC complexes in human cells and NURF, ACF, CHRAC complexes 
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in D. melanogaster. The third class is the Mi-2 family whose ATPase subunit Mi-2 
contains a PHD finger and a double-chromo domain in addition to the ATPase 
domain. Human NuRD is a representative member of this family. 
The alterations in chromatin structure caused by the remodeling complexes can 
be demonstrated with biochemical techniques. Micrococcal nuclease (MNase) 
specifically cuts double-stranded linker DNA between nucleosomes. The MNase 
digestion assay combined with Southern-blot technique can be used to determine 
changes in nucleosome position (Simpson, 1999). DNase I cuts DNA in the major 
groove and it digests both linker and nucleosomal DNA with a periodicity of ~10 nt. 
Alterations in DNase I digestion pattern suggest alterations in chromatin structure 
(Wang and Simpson, 2001). Restriction endonucleases recognize specific DNA 
sequences. Changes in sensitivity of a target gene to specific enzymes indicate 
changes in the accessibility of enzyme recognition sites to transcription factors 
(Kalamajka et al., 2003). The sensitivity of DNA to the three types of nucleases may 
reflect changes in both chromatin structure and the accessibility of DNA to 
transcription factors. Mapping of DNase I-sensitive sites over the human genome 
showed that DNase I sites exist mainly in genic regions and in the vicinity of 
transcription start sites. These studies also suggested that the DNase I hypersensitive 
sites show a preference for expressed genes (Crawford et al., 2004; Sabo et al., 2004). 
The higher-order change in chromatin structure was observed with 2-D gel 
electrophoresis by which the loss of negative supercoils from purified chromatin 
indicates topological changes. The remodeling of chromatin was also demonstrated by 
a large reduction in the sedimentation rate of chromatin DNA suggesting 
decompaction of the chromatin (Kim and Clark, 2002). 
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The mechanisms by which these complexes alter chromatin structure may vary 
due to differences in their subunit compositions and in the chromatin context. Three 
hypotheses were proposed: one is the ‘nucleosome sliding’ model, the second is 
‘nucleosome conformational changing’ model and the third is the ‘nucleosomes 
dissociation and reassembly’ model (Belotserkovskaya and Reinberg, 2004). In the 
first model, DNA is proposed to slide with respect to the nucleosome octomer and 
enter or exit nucleosome in the same direction with the same length. Consequence of 
the ‘nucleosome sliding’ is the reposition of nucleosomes thus exposing the 
previously masked TATA box and the transcription initiation site to the transcription 
machinery and resulting in transcriptional activation (Lomvardas and Thanos, 2001; 
Shen et al., 2001). In the second model, the remodeling complexes introduce 
topological changes into nucleosomes, which may involve changes in DNA, histone 
octamer or both. According to this model, nucleosomes may also be repositioned, 
leading to the exposure of previously nucleosome-masked DNA, but the amount of 
DNA entering or exiting the nucleosome is not equal. In the third model, histones 
dissociate from the activated chromatin at the sites of the RNA polymerase II binding 
and then rapidly reassemble into nucleosomes behind the polymerase. All the three 
hypotheses have supporting evidence (Meersseman et al., 1992; Cavalli and Thoma, 
1993; Guyon et al., 2001; Lomvardas and Thanos, 2001; Shen et al., 2001; 
Belotserkovskaya et al., 2003). Different mechanisms may be applied by different 
cells or under different conditions.  
There are usually several different chromatin remodeling complexes in one 
eukaryotic cell. Each complex has specific chromatin substrates and affects the 
transcription of a subset of genes. The recruitment of chromatin remodeling 
complexes to target genes may be the consequence of physical interactions between 
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the activators or repressors and the remodeling complexes (Fleming and Pennings, 
2001; Kim and Clark, 2002; Hebbar and Archer, 2003; Holloway et al., 2003). The 
chromatin regions affected by the remodeling complexes are different from gene to 
gene. In some cases, chromatin remodeling is limited to promoter regions (Minie and 
Koshland,. 1986; Chrysogelos et al., 1989; Bhattacharyya et al., 1997; Reinke et al., 
2001; Holloway et al., 2003). For example, in T cells, the SWI/SNF complex was 
demonstrated to associate with the GM-CSF promoter in an activator-dependent 
manner, leading to hypersensitivity of the GM-CSF promoter to the restrictive 
enzyme HaeIII and MNase (Holloway et al., 2003). However, in other cases, the 
remodeling includes the entire gene (Cavalli and Thoma, 1993; Shen et al., 2001; Kim 
and Clark, 2002). An example is the activation-dependent remodeling of CUP1 gene, 
in which nucleosome repositioning was observed over the entire CUP1 gene and its 
flanking regions (Shen et al., 2001). 
Chromatin remodeling complexes alter chromatin structure to increase or 
decrease the accessibility of genes to the transcription machinery and to activate or 
repress transcription. The correlation between chromatin remodeling and 
transcriptional activation was widely observed (Minie and Koshland, 1986; Ogawa et 
al., 1995; Bhattacharyya et al., 1997). About twenty years ago, activation of the 
J-chain gene was reported to be associated with chromatin changes in its promoter 
region. A 240-base-pair region at the 5' end of the gene turned from nuclease-resistant 
to nuclease-sensitive and then nuclease-hypersensitive when cells differentiated from 
immature B-cell into mature B-cell and then mature IgM-secreting cell. These results 
suggest that the change in promoter structure precedes the transcription of the J-chain 
gene and this change makes the target DNA sequence more accessible to the 
transcription machinery (Minie and Koshland, 1986). About ten years ago, a 
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correlation between ADH2 promoter structure and ADH2 mRNA level was also 
observed. When the ADH2 gene was repressed by glucose, nucleosomes were 
positioned at the transcription initiation site and the TATA box, whereas these 
nucleosomes were destabilized soon after depletion of glucose and before the 
appearance of ADH2 mRNA. These results further demonstrated that changes in 
chromatin structure are correlated with gene activation and occur before the start of 
transcription (Verdone et al., 1996). 
Chromatin remodeling complexes are required for repression as well (Moreira 
and Holmberg, 1999; Collins and Treisman, 2000; Fazzio et al., 2001; Sugiyama and 
Nikawa, 2001). The chromatin remodeling complex SWI/SNF significantly repressed 
the liver-specific tryptophan oxygenase (TO) gene. This repression required the 
ATPase subunit of SWI/SNF, because knock-down of Brg1p by small interfering 
RNA reversed the repression in primary fetal hepatocytes (Inayoshi et al., 2005). The 
corepressors Ssn6p-Tup1p recruit the ISW2 chromatin remodeling complex to 
chromatin to establish nucleosome positioning and to repress target genes 
collaboratively with the histone deacetylase Hda1p (Zhang and Reese, 2004). 
Similarly, the repressor Ume6p recruits the ISW2 complex to establish a nuclease-
inaccessible chromatin structure near the Ume6p binding site. ISW2 works in a 
parallel pathway to the Rpd3p-Sin3p histone deacetylase complex to repress target 
genes (Goldmark et al., 2000). 
 
1.2.2 Influences of histone-modifying enzymes on chromatin structure and 
transcription 
Histones, the major nuclear proteins, are comprised of N-terminal tails and the 
core global domains (Kornberg and Lorch, 1999). Certain amino acid residues of the 
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histone proteins, particularly those in the N-terminal tails, are covalently modified by 
histone-modifying enzymes. The modifications mainly include methylation of lysine 
and arginine residues, acetylation, and ubiquitination of lysine residues and 
phosphorylation of serine and threonine residues.  
Histone modification is another mechanism by which cells control the 
accessibility of DNA to the transcription machinery. DNA molecules carry negative 
charges and therefore attract the positively charged histone tails. The strength of this 
electrostatic interaction can be altered by histone modification. Acetylation of lysine 
residues neutralizes some of the positive charges of the histone tails and therefore 
reduces the affinity of the histone tails to DNA. The histone tails are then displaced 
from the nucleosomes causing the nucleosomes to unfold (Grunstein, 1997). Analysis 
of core histone acetylation and DNase I sensitivity in the chicken beta-globulin 
chromosomal region revealed that those genomic loci potentially active for 
transcription often had an increased sensitivity to DNase I and increased histone 
acetylation (Hebbes et al., 1994). In addition, effects of histone acetylation on higher-
order chromatin structure were also observed (Tse et al., 1998). Acetylation of lysine 
residues occurs in the N-terminal tails of all the core histones. In particularly, the 
acetylation of K5, 8, 12 and 16 of H4 was emphasized to correlate with chromatin 
structure and gene transcription. The alterations of chromatin structure caused by 
histone H4 acetylation was investigated by mutagenesis, in which lysine residues in 
the histone tails were mutated to uncharged residues to mimic the acetylation status. 
The results showed altered nucleosome positioning (Durrin et al., 1991; Roth et al., 
1992; Fisher-Adams and Grunstein, 1995). In vitro experiments demonstrated that 
histone H4 acetylation reduced the accessibility of DNA to restriction enzymes and 
the transcription machinery (Anderson et al., 2001; Sewack et al., 2001). Recently, 
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the importance of histone H4K16 acetylation for chromatin structure and protein 
interaction was emphasized (Shogren-Knaak et al., 2006). Incorporation of histone 
H4 acetylated at K16 (H4K16Ac) into nucleosomal arrays inhibited the formation of 
the compact 30-nanometer-like fibers and impeded the ability of chromatin to form 
cross-fiber interactions. H4K16Ac also inhibited the ability of the ATP-dependent 
chromatin remodeling enzyme ACF to mobilize a mononucleosome, indicating that 
this single histone modification modulates both higher order chromatin structure and 
functional interactions between a non-histone protein and the chromatin fiber 
(Shogren-Knaak et al., 2006). The acetylated lysine residue in histones can be 
specifically recognized by bromo domain proteins so histone acetylation actually 
generates novel interacting surfaces for other proteins, such as chromatin remodeling 
factors and transcription factors. As described in section 1.2.1, members of the 
SWI\SNF family of chromatin remodeling complexes have a bromo domain in 
addition to the ATPase domain, thus histone acetyl transferases (HAT) could 
modulate chromatin indirectly through the recruitment of chromatin remodeling 
complexes. 
Many histone acetyl transferases have been identified. Based on their cellular 
localization, they were divided into two types: type A, which is localized in the 
nucleus, and type B, which is localized in the cytoplasm. Type A HATs were 
responsible for histone acetylation related to transcription regulation, while type B 
HATs were primarily responsible for the  acetylation of newly synthesized histones 
connected with nucleosome assembly (Grunstein, 1997; Hebbar and Archer, 2003). 
The type A HATs were further classified into three families, based on the motif 
organization of the catalytic subunit: the GNAT family whose catalytic subunit 
contains a bromo domain in addition to the HAT domain; the MYST family whose 
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catalytic subunit contains a chromo domain in addition to the HAT domain, and the 
p300/CBP family whose catalytic subunit contains a bromo domain and three C/H 
motifs in addition to the HAT domain (Marmorstein and Roth, 2001; Narlikar et al., 
2002). HATs are large complexes with multiple subunits in vivo. The protein 
composition of HAT complexes were summarized in several reviews (Brown et al., 
2000; Roth et al., 2001). In S. cerevisiae, at least six different HAT complexes have 
been characterized: TFIID (catalytic subunit-TFII130), SAGA (catalytic subunit-
Gcn5p), ADA (catalytic subunit-Gcn5p), NuA3 (catalytic subunit-Sas3p), NuA4 
(catalytic subunit-Esa1p) and the Elongator (catalytic subunit-Elp3p). The different 
HATs target different histones, for example, TFIID acetylates transcription factors 
and free H3 and H4, SAGA acetylates nucleosomal H3 and H2B, ADA acetylates 
nucleosomal H3 and H2B, NuA4 acetylates nucleosomal H4 and H2A, while 
Elongator acetylates histones H2A, H2B, H3 and H4 (Brown et al. 2000). Due to 
differences in the catalytic specificity and in their recruitment to different chromatin 
domains, the HATs may be involved in distinct biological functions. The SAGA 
complex, for example, is recruited to the GAL promoters by the activator Gal4p and 
stimulates GAL genes activation; Gcn5p is recruited by the activator Gcn4p to 
regulate Gcn4p-targeted genes;  and Elongator travels through expressed genes with 
RNA polymerase II to regulate transcription elongation (Kuo et al., 2000; Narlikar et 
al., 2002). Genome-wide studies showed that the deletion of a crucial SAGA subunit 
affected only 10% of S. cerevisiae genes, while the deletion of essential TFIID 
subunit changed expression of 90% of the genes, supporting that different HATs 
accomplish different functions (Huisinga and Pugh, 2004). 
Histone acetylation is a reversible modification. The acetyl groups on lysine 
residues of histones can be removed by histone deacetylases. Histone deacetylation 
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reverses the effects of acetylation on chromatin structure and gene transcription and is 
involved in the maintenance of heterochromatin and gene silencing. Analogous to 
HATs, histone deacetylases also exist in complexes named histone deacetylase 
complexes (HDACs). HDACs are grouped into three distinct classes based on the 
sequence similarity to S. cerevisiae histone deacetylases: reduced potassium 
dependency 3 (Rpd3p), histone deacetylase 1 (Hda1p) and silent information 
regulator 2 (Sir2p). Class I deacetylases are related to Rpd3p, class II to Hda1p and 
class III to Sir2p (Khochbin et al., 2001; Narlikar et al., 2002). Different HDACs 
have different subunit compositions and therefore different chromatin substrates. 
HDACs are recruited to chromatin domains via interaction with transcription 
repressors. The class I member of S. cerevisiae HDAC, the Sin3p-Rpd3p complex, is 
targeted to specific promoters by the transcriptional repressor Ume6p and leads to 
local histone deacetylation and gene repression (Fazzio et al., 2001). In mammalian 
cells, the repressor YY1 interacts with a Rpd3p-related HDAC, which is involved in 
specific gene repression (Yang et al., 1996). The transcriptional repressor Kap1p 
brings the deacetylase NuRD to specific promoters to repress target genes (Schultz et 
al., 2001). The class II member of S. cerevisiae HDAC, Hda1p, is recruited to the 
stress-responsive ENA1 promoter by the corepressor Tup1p to cooperate with Rpd3p, 
which associates with the ENA1 coding region to repress the target gene (Watson et 
al., 2000; Wu et al., 2001). The class III member of S. cerevisiae HDAC, Sir2p, 
participates in transcriptional silencing at telomeres, mating-type loci and rDNA 
arrays. The repressor Rap1p recruits Sir2p to telomeres and mating-type loci, while 
Net1p directs Sir2p to rDNA arrays (Lieb et al., 2001; Ghidelli et al., 2001). 
In addition to acetylation and deacetylation, histone phosphorylation is another 
important modification that influences chromatin condensation and transcriptional 
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activation. Phosphorylation of histone H3 at serine 10 is important for both mitosis 
and gene expression (Berger, 2002). Histone methylation is also involved in 
heterochromatin structure and gene repression (Jenuwein, 2001; Maison et al., 2002). 
Different histone modifications do not function exclusively, on the contrary, they 
work in a combinatorial manner. Through the genome-wide investigation of 
activating histone modifications, including histone H3K9/K14 di-acetylation 
(H3K9acK14ac), H3K4 trimethylation (H3K4me3), and the repressive histone 
modification H3K9/K27 trimethylation (H3K9me3/K27me3), it was found that 
H3K9acK14ac and H3K4me3 are associated with active genes, whereas 
H3K9me3/K27me3 is associated with silent genes. Gene expression levels are 
positively correlated with the activating modifications and negatively correlated with 
the repressive modifications (Maison et al., 2002; Schübeler et al., 2004; Roh et al., 
2006). 
 
1.2.3 Influences of histone variants on chromatin structure and transcription 
One important mechanism by which chromatin can be remodeled is the 
replacement of major histones with histone variants, which have significantly 
different amino acid sequences from the canonical histones and are able to incorporate 
into nucleosomes to replace the canonical histones. The canonical histones are 
expressed primarily during the S phase of the cell cycle, and make up the bulk of the 
cellular histones, whereas the histone variants are expressed not only during the S 
phase but throughout the cell cycle (Kamakaka and Biggins, 2005). Besides the linker 
histone H1, core histone H2A has the largest number of variants, including H2A.Z, 
MacroH2A, H2A-Bbd, H2AvD, and H2A.X, while core histone H4 has no identified 
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sequence variant (Ausio and Abbott, 2002; Redon et al., 2002; Fernandez-Capetillo et 
al., 2004; Kamakaka and Biggins, 2005).  
The most intensively studied histone variant H2A.Z is an evolutionary 
conserved histone variant existing from yeast to man. The crystal structure of a 
nucleosome containing H2A.Z showed conformational differences to the canonical 
H2A nucleosome (Suto et al., 2000). Oligo-nucleosome complexes reconstituted with 
recombinant H2A.Z and native H2B, H3 and H4 displayed reduced NaCl-dependent 
folding ability, which suggested that the histone H2A.Z variant may help to 
destabilize chromatin and thereby facilitate transcription (Abbott et al., 2001). Studies 
of the localization of H2A.Z in the S. cerevisiae genome revealed that H2A.Z is 
deposited at the flanks of silent heterochromatin and promoter regions of nearly all 
genes in euchromatin (Meneghini et al., 2003; Guillemette et al., 2005; Raisner et al., 
2005; Guillemette and Gaudreau, 2006). The replacement of the canonical H2A by 
H2A.Z in nucleosomes is mediated in an ATP-dependent manner by the SWR1 
complex in S. cerevisiae and by the SRCAP complex in humans (Kobor et al., 2004; 
Mizuguchi et al., 2004; Ruhl et al., 2006). 
Consistent with its genomic distribution, H2A.Z is involved in the regulation of 
genes localized near telomeres or HMR regions and certain genes within euchromatin 
under specific conditions, for instance, the activation of the S. cerevisiae GAL genes 
and the plant FLC gene (Adam et al., 2001; Meneghini et al., 2003; Guillemette et al., 
2005; Deal et al., 2007). H2A.Z may affect genes at different genomic locations by 
different mechanisms of modulating chromatin structure. For the GAL genes, H2A.Z 
regulates nucleosome positioning at the promoters and influences the recruitment of 
TBP and RNA polymerase II (Adam et al., 2001; Guillemette et al., 2005). However, 
for genes near heterochromatin, H2A.Z blocks the spread of Sir2p and Sir3p from the 
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heterochromatin regions into flanking euchromatin regions and prevents the formation 
of ectopic heterochromatin (Meneghini et al., 2003). Further studies found that the 
N-terminus of H2A.Z was acetylated by a combination of NuA4 and SAGA when it 
was incorporated into chromatin. This H2A.Z acetylation is important for its role in 
maintaining heterochromatin boundaries (Babiarz et al., 2006). 
 
1.2.4 Influences of DNA methylation on chromatin structure and transcription 
Genomes of higher eukaryotes are divided into two categories: those that 
contain methylated DNA and those that do not contain methylated DNA (Lewis and 
Bird, 1991). DNA methylation occurs at position 5 of the cytosine of CpG 
dinucleotides in DNA and is catalyzed by DNA methyltransferases (DNMTs), which 
transfer the methyl group from S-adenosylmethionine to the fifth position on the 
cytosine ring (Wu and Santi, 1985). In mammals approximately 70% of all CpGs are 
methylated, which means the vast majority of the chromatin is associated with 
methylated DNA (Lewis and Bird, 1991). DNA methylation affects both chromatin 
structure and gene transcription (Razin and Riggs, 1980; Wang et al., 2003; Fürbass et 
al., 2008). In chromatin, there are some GC-rich non-methylated regions, which are 
about 0.5-2 kb in length, termed CpG islands. Analysis of the non-methylated CpG 
island chromatin revealed that, in comparison to bulk methylated chromatin, the CpG 
islands were nuclease hypersensitive, linker histone H1-deficient and hyperacetylated 
H3 and H4-associated (Tazi and Bird, 1990). In agreement with their active chromatin 
characters, the CpG islands are localized within the 5’ domains of all housekeeping 
genes and a small proportion of transcriptionally active tissue-specific genes. In 
contrast, DNA methylation decreases the accessibility of DNA to nucleases. Digestion 
of bulk chromatin showed that the restriction enzymes MspI and TfhI, which are able 
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to cut methylated free DNA, were blocked from cutting methylated chromatin 
(Antequera et al., 1989). The level of DNA accessibility is correlated with the level of 
DNA methylation (Nguyen et al., 2001). At the mouse delta-opioid receptor (mDOR) 
gene promoter, DNA methylation is correlated with a repressive chromatin structure 
that has less restriction enzyme accessibility and reduced histone H3 and H4 
acetylation (Wang et al, 2005). 
The effects of DNA methylation on chromatin structure and gene transcription 
is mediated by methylated DNA binding domain proteins (MBDs) such as methylated 
CpG binding proteins (MeCPs). It was shown that MeCP1 binds to methylated 
promoters to inhibit transcription. Consistently, the transcriptional inhibition from 
methylated templates was not observed in a MeCP1-deficient cell line (Boyes and 
Bird, 1991). Subsequent studies suggest that, once MeCP2 binds to methylated 
promoters, they are able to recruit the repressor mSin3Ap and histone deacetylases to 
inactivate the chromatin (Nan et al., 1998). A recent study demonstrates that MBDs 
bind to methylated CpG within the metallothionein I (MT-I) promoter and 
subsequently recruit HDAC to deacetylate histone H3 and H4, thus establishing 
repressive chromatin (Ghoshal et al., 2002). The association of a MBD protein and 
the hypoacetylation of histones were observed for the methylated mDOR promoter as 
well with chromatin immunoprecipitation analysis (Wang et al., 2005). 
1.2.5 Cross-talk between different mechanisms of chromatin structure modulation 
Different mechanisms of chromatin modulation do not work exclusively. On 
the contrary, they often behave collaboratively or redundantly. Chromatin remodeling 
and histone modification are frequently utilized in combination for gene regulation. 
Histone modification can lead to the recruitment of chromatin-remodeling complexes, 
or vice versa (Fry and Peterson, 2001). For osmotic stress-inducible genes, the 
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chromatin remodeling complex SWI/SNF and histone modifying complex SAGA are 
recruited simultaneously by the same transcription factors, Tup1p and Hog1p (Proft 
and Struhl, 2002). It was suggested that the combination of chromatin remodeling and 
modification may be a common mechanism for overcoming the constitutive 
repression of the stress-response genes (Uffenbeck and Krebs, 2006). The activation 
of the GAL1 gene is regulated by histone variant H2A.Z in collaboration with the 
chromatin remodeling complex SWI/SNF and the histone modifying complex SAGA. 
Deletion of the H2A.Z gene strongly increases the requirement for SWI/SNF and 
SAGA (Santisteban et al., 2000). In addition to gene activation, chromatin remodeling 
complexes and histone modifying complexes cooperate to regulate gene repression. 
The S. cerevisiae chromatin remodeling complex ISW2 and the histone deacetylase 
complex Sin3p-Rpd3p were recruited by the repressor Ume6p in a parallel pathway to 
repress early meiotic genes (Fazzio et al., 2001). In some cases, one complex may 
contain both chromatin remodeling and histone modification activities, for instance, 
the chromatin remodeling complex NuRD (nucleosome remodeling and deacetylase), 
which contains eight subunits including the ATP-dependent remodeling factor Mi2p 
and deacetylases subunit HDAC1p (Khochbin et al., 2001;Srinivasan et al., 2006). 
Histone covalent modifications and DNA methylation are mutually affected. 
Methylated histone H3K9 recruits the heterochromatin protein HP1, which in turn 
recruits DNMTs to methylate DNA. In reverse, methylated CpG dinucleotides recruit 
MeCP to chromatin and MeCP is able to recruit HDAC to deacetylate histones. In this 
way, epigenetic silencing information could be conveyed from histone to DNA and 
back. It was proposed that the meaning of this self-reinforcing mechanism is to 




1.3 Histones and transcription 
As mentioned in section 1.2.2, histones are the major chromatin proteins. In 
eukaryotic cells, 146 bp of DNA is wrapped around the histone octamer, which 
consists of two copies each of the core histone H2A, H2B, H3 and H4, to form the 
protein–DNA complex termed nucleosome. The nucleosomes are the smallest 
subunits of chromatin and they are linked together with the linker DNA to set up 
higher-order structures of chromatin (Kornberg and Lorch, 1999; Hansen, 2002). 
Histones were considered negative transcription factors blocking the association of 
the transcription machinery with promoters and hinder the procession of 
transcriptional elongation. Recent studies reveal that the histones are important for 
both transcriptional repression and activation.  
The core histones are comprised of N-terminal tails and the core global domains, 
with the N-terminal tails sticking out of the nucleosome as shown in the crystal 
structure of the nucleosome (Luger et al., 1997). Certain residues of the histone 
proteins, especially those in the N-terminal tails, are available for modifications 
including acetylation, methylation, phosphorylation, ubiquitination and sumolytion. 
These modifications were suggested to either alter chromatin structure or influence 
the recruitment of other proteins to play a crucial role in the various biological 
processes related to chromatin DNA, such as transcription, DNA repair, DNA 
recombination, cell division and apoptosis (Berger, 2002; Peterson and Laniel, 2004; 
Sanders et al., 2004; Wang et al., 2004; Cheung et al., 2005; Krishnamoorthy et al., 
2006). 
In this section, I will summarize the transcriptional functions of the histones, in 




1.3.1 Influences of histone H1 on transcription 
Histone H1 is the least conserved histone with most variations in amino acid 
sequence during evolution, and it is not essential for cell viability (Shen et al., 1995). 
Histone H1 can act as a gene-specific regulator but it has no global effect on 
transcription (Shen et al., 1996). In vivo studies using mouse embryonic stem cells 
revealed that H1 depletion caused dramatic changes in chromatin structure. However, 
expression of only a small number of genes was affected as shown by DNA 
microarray analysis (Fan et al., 2005). In vitro experiments showed that histone H1 
enhances progesterone receptor binding to the HRE-I promoter and has a positive 
effect on the hormonal activation of MMTV reporters (Vicent et al., 2002; Koop et al., 
2003). Subsequent studies revealed that histone H1 is able to influence the movement 
of histone octomers along DNA, which is mediated by the chromatin remodeling 
complex hSWI/SNF (Ramachandran et al., 2003). H1 was phosphorylated when the 
MMTV promoter was repressed in mitotic-arrested cells and dephosphorylated when 
the MMTV promoter was activated in postmitotic cells (Bhattacharjee and Archer, 
2006), thus the phosphorylation status of H1 may affect its role in MMTV promoter 
regulation. In addition, H1 was required for the repression of a set of genes in D. 
melanogaster cells (Ni et al., 2006). In a recent study, linker histone H1.4 was 
identified to be methylated at lysine 26 and was specifically recognized by the 
chromo domain of heterochromatin protein 1 (HP1), suggesting that methylation of 
H1.4K26 could tether HP1 to the regions of heterochromatin where HP1 does not co-
localize with methylated H3K9 (Daujat et al., 2005).  
In T. thermophyla, histone H1 can be phosphorylated at five residues: S42, S44, 
T46, T34 and T53. The mutation of these residues to alanines had little effect on 
viability (Mizzen et al., 1999). Like histone H1 removal, phosphorylation of H1 
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affected the regulation of some specific genes, for instance, the activation of ngoA and 
the repression of CyP1 (Dou et al., 1999). However, global gene expression was not 
detectably changed in an H1 removal strain (Dou and Gorovsky, 2000). 
Histone Hho1p of S. cerevisiae is the homolog of histone H1 of higher 
eukaryotic organisms and has similar biochemical and biological properties (Ushinsky 
et al., 1997; Baxevanis and Landsman, 1998; Patterton et al., 1998). A study of the 
distribution of Hho1p revealed that there is approximately one Hho1p molecule for 
every 37 nucleosomes (Freidkin and Katcoff, 2001). Deletion of the HHO1 gene did 
not lead to a change in the nucleosome repeat length nor in the global positioning of 
the nucleosomes (Patterton et al., 1998; Puig et al., 1999). A strain deleted for the 
HHO1 gene was viable and did not show any growth phenotypes tested, indicating 
that Hho1p was not required for telomeric silencing, basal transcriptional repression, 
nor for efficient sporulation (Patterton et al., 1998; Hellauer et al., 2001). Whole-
genome microarray analysis showed that deletion of the HHO1 gene resulted in a 
modestly decreased transcription of some specific genes (Hellauer et al., 2001). 
Further analysis of the HHO1 deletion strain showed that Hho1p is inhibitory to DNA 
repair by homologous recombination and to the recombination-dependent mechanism 
of telomere maintenance (Downs et al., 2003). 
 
1.3.2 Influences of histone H2A on transcription 
Histone H2A is the unique histone with both its N- and C-terminal ends 
extending into the extra-nucleosomal space. Both ends are necessary for telomere 
position effect on transcription (TPE, or telomeric silencing) in S. cerevisiae, as the 
deletion of either end caused a significant reduction in TPE (Wyatt et al., 2003). Point 
mutation of the lysine residues in the N-terminal tail to arginine (K4R/K7R) reduced 
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telomeric silencing, whereas K4M/K7M, which mimics the acetylated state, enhanced 
the TPE phenotype, suggesting that H2A acetylation is involved in TPE regulation 
(Wyatt et al., 2003). H2A is ubiquitinated at lysine 119 by an E3 ubiquitin ligase 
complex, hPRC1L (human Polycomb repressive complex 1-like) in Hela cells, 
indicating a link between H2A ubiquitination and Polycomb silencing (Wang et al., 
2004). In S. cerevisiae, H2A.Z, the variant of H2A, acts synergistically with boundary 
elements, preventing ectopic spread of silent heterochromatin (Meneghini et al., 
2003). Therefore, replacement of the canonical H2A with H2A.Z at the boundaries of 
heterochromatin is a way to regulate telomeric silencing. 
 
1.3.3  Influences of histone H2B on transcription 
The lysine residue 123 of H2B (H2BK123) is mono-ubiquitinated in a Rad6p-
dependent manner (Robzyk et al., 2000) and this affects the methylation of H3K4 uni-
directionally (Dover et al., 2002; Sun and Allis, 2002). It was demonstrated that the 
deletion of the RAD6 gene had a negative effect on H3K4 methylation. Furthermore, 
mutation of lysine 123 of H2B to arginine (H2BK123R) abolished H3K4 methylation. 
However, the H3K4R mutation had no effect on H2B mono-ubiquitination, indicating 
that mono-ubiquitination at H2BK123 occurs upstream of H3K4 methylation. This 
H2B mono-ubiquitination/H3 methylation pattern is conserved in budding and fission 
yeast (Roguev et al., 2003). Besides H3K4, Rad6p-mediated mono-ubiquitination of 
H2BK123 affects the efficiency of H3K79 methylation as well, and similar to H3K4 
methylation, H3K79 methylation was also not required for mono-ubiquitination of 
H2BK123 (Ng et al., 2002). In addition to the positive role of H3K4 methylation at 
euchromatic genes, H3 methylation was shown to contribute to the regulation of 
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telomeric silencing (Ng et al., 2002; Sun and Allis, 2002). Therefore, H2B may 
indirectly affect heterochromatin silencing via the regulation of H3 methylation.  
The mechanism by which H2B mono-ubiquitination regulates H3 methylation 
was further studied. It was found that mono-ubiquitination of H2BK123 is 
dispensable for mono-methylation of H3K4 and H3K79, but it is required for the 
transition from mono-methylation to subsequent higher methylation states. ChIP assay 
revealed that the H3K79 specific histone methyl transferase (HMT) Dot1p associated 
with chromatin in the absence of H2B mono-ubiquitination, suggesting that H2B 
mono-ubiquitination may regulate the processive activity of HMT but does not affect 
HMT recruitment (Shahbazian et al., 2005). 
Recently, a significant functional divergence between mono-ubiquitination of 
H2B and methylation of histone H3 in the fission yeast SchizoS. pombe was reported 
(Tanny et al., 2007). In their study, loss of H2B mono-ubiquitination displayed 
additional phenotypes not observed in cells lacking H3K4 methylation, such as 
defects in cell growth, septation, and nuclear structure. Gene expression microarray 
analysis revealed that more genes were affected by H2B mono-ubiquitination than by 
H3K4 methylation. It was proposed that H2B mono-ubiquitination had a greater role 
in regulation of RNA polymerase II transcription elongation independently of H3 
methylation (Tanny et al., 2007). 
Ubiquitination is not the only kind of histone H2B modification. 
Transcriptional activators recruit histone acetyltransferases (HAT) to promoters to 
acetylate histones including histone H2B. Histone acetylation is an important step for 
subsequent chromatin remodeling and the transfer of histone H2A-H2B dimers from 
nucleosomes to histone chaperones to facilitate transcription (Ito et al., 2000). In 
contrast, transcriptional repressors, such as Tup1p, recruit histone deacetylates 
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(HDAC) Hda1p to deacetylate histones H3 and H2B and to repress genes that regulate 
mating, stress response and glucose and oxygen utilization (Wu et al., 2001). The 
evolutionarily conserved residue Ser33 of H2B (H2BS33) is phosphorylated by the 
carboxyl-terminal kinase domain (CTK) of the TFIID subunit Taf1p in D. 
melanogaster cells. This phosphorylation of H2BS33 at the promoter of the cell cycle 
regulatory gene string coincides with transcriptional activation, which indicates 
H2BS33 phosphorylation has a positive effect on gene expression (Maile et al., 2004). 
Sumoylation of lysine residues of H2B was observed as a negative regulator involved 
directly in transcriptional repression (Nathan et al., 2006). Other unusual 
modifications like ADP-ribosylation were also documented but their transcriptional 
function is not clear (Kreimeyer et al., 1985). 
 
1.3.4 Influences of histone H3 on transcription 
H3 is the most intensively studied histone in respect to post-transcriptional 
modifications that are correlated with transcriptional regulation. Lysines 4, 9, 14, 27, 
36 and 79 of histone H3 isolated from chicken erythrocytes are methylated (Zhang et 
al., 2002). Besides the lysine residues mentioned above, arginines 2, 17 and 26 can be 
methylated by CRAM1. Histone H3 methylation can have a positive or negative 
influence on transcription, depending upon which residue is methylated and the 
genomic location it associates to.  
Among histone methylation, only lysines 4, 36 and 79 of H3 occur in the yeast 
S. cerevisiae and all of these three methylation sites are implicated in activation of 
transcription. Methylation of H3K4 occurs in three states: mono-, di- and tri-
methylated. The di-methylated state is associated with both transcriptionally active 
and inactive genes, whereas the tri-methylated state occurs exclusively at the 5’ end of 
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active protein-coding genes and is co-localized with the initiated form of RNA Pol II 
(phosphorylated at serine 5 of its C-terminal domain) (Santos-Rosa et al., 2002; Liang 
et al., 2004). H3K4 methylation is conserved from yeast to human. In the yeast 
S. cerevisiae, this modification is catalyzed by Set1p, a component of the COMPASS 
complex which associates with RNA polymerase II. This links H3K4 methylation to 
transcription elongation and may provide a localized mark and memory of recent 
transcriptional activity (Ng et al., 2003c). H3K36 methylation is catalyzed by Set2p in 
S. cerevisiae and using the chromatin immunoprecipitation assay, H3K36 methylation 
was found associated with the transcribed regions of Pol II-regulated genes and 
excluded from regions that are not transcribed by Pol II (Morris et al., 2005). H3K36 
methylation is also related to transcription elongation (Joshi and Struhl, 2005). 
Mutation of H3K36 resulted in inappropriate initiation from cryptic start sites within 
the coding region (Carrozza et al., 2005). Another role of H3K36 methylation was 
recently found to prevent the spread of heterochromatin. Sir3p spreads from 
heterochromatin into neighboring euchromatin in SET2-deleted cells (Tompa and 
Madhani, 2007). H3K79 is localized on the surface of nucleosome and is methylated 
by Dot1p. In an H3K79A mutant background, telomeric silencing was lost (Leeuwen 
et al., 2002). 
H3K9 methylation is the most characterized histone post-transcriptional 
modification involved in gene silencing. It is conserved in many eukaryotic organisms, 
but not in S. cerevisiae. In Neurospora crassa, a SET domain protein, Dim-5p, 
methylates H3K9, and this methylation was necessary for DNA methylation, which 
correlated H3K9 methylation with gene silencing (Tamaru and Selker, 2001). Studies 
in Arabidopsis thaliana demonstrated that this correlation is mediated by the 
heterochromatin protein HP1. It was shown that HP1 binds specifically to tri-
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methylated H3K9 and recruits CMT3p, a DNA methyltransferase, to chromatin, 
thereby linking histone H3K9 methylation to DNA methylation (Jackson et al., 2002). 
Moreover, D. melanogaster Su(var)3-9, which is responsible for methylating H3K9, 
is associated with HP1, which in turn binds tri-methylated H3K9, suggesting a 
mechanism for the spreading of heterochromatin (Schotta et al., 2002). In reverse, 
DNA methylation can also affect histone H3K9 methylation. The transcriptional 
repressor MeCP2p, which binds methylated DNA, is able to recruit H3K9 
methyltransferase to methylate histones (Fuks et al., 2003). Thus, DNA methylation 
and histone methylation appear to be tightly connected and act corporately to stabilize 
the silencing status of heterochromatin. H3K9 methylation is involved in gene 
imprinting. It serves as an early mark during X chromosome inactivation (Heard et al., 
2001). Also, on the active X chromosome, methylation at H3K9 is associated with 
inactive genes (Boggs et al., 2002). However, maintaining heterochromatin is not the 
only function of H3K9 methylation. H3K9 di- and trimethylation was observed in the 
transcribed region of active genes in mammalian chromatin. This modification 
increases during activation of transcription and is rapidly removed upon gene 
repression. Heterochromatin Protein 1gamma (HP1gamma), a chromo-domain protein 
that recognizes H3K9 methylation, is also present in the transcribed region of active 
genes. Both the presence of HP1gamma and H3K9 methylation are dependent on 
elongation by RNA polymerase II. These findings demonstrate novel roles for H3K9 
methylation in transcriptional activation (Vakoc et al., 2005). 
In a yeast two-hybrid screen to isolate proteins interacting with the p160 
coactivator, the coactivator-associated arginine methyltransferase (CARM1) was 
identified (Chen et al., 1999). CARM1 preferentially methylates arginines on histone 
H3 and links arginine methylation to transcription activation. CARM1 was found to 
 34
Chapter 1 
be associated with the pS2 gene promoter, which is regulated by the estrogen receptor. 
Upon pS2 gene stimulation with estrogen, H3R17 is methylated by CARM1 (Bauer et 
al., 2002; Daujat et al., 2002). In another study, this arginine methylation was 
observed to be cycling (appear and disappear) during the activation process (Metivier 
et al., 2003). This interesting phenomenon was assumed to set up ‘a state of alert’ for 
impending shutdown of transcription and help the estrogen-regulated genes to respond 
to outside stimuli very rapidly (Kouzarides, 2007). 
Lysine residues of histone H3 can be acetylated as well. Most of the acetylated 
lysine residues characterized to date exist within the N-terminal tail of histone H3, 
such as K9, K14, K18 and K23, whereas lysine 56 within the core domain of H3 was 
recently reported to be acetylated (Xu et al., 2005; Schneider et al., 2006). Many 
acetyltransferases have been identified that are able to modify histone H3 as described 
in the section 1.2.2 of this chapter and in reviews (Sterner and Berger, 2000; Lee and 
Workman, 2007). They mainly include three families: first, the Gcn5p-related 
N-acetyltransferase (GNAT) superfamily, for example Gcn5p, PCAFp, Elp3p, Hpa2p, 
and Hat1p; second, MYST family which was named for the founding members of this 
family: Morfp, Ybf2p (Sas3p), Sas2p and Tip60p; third, other HATs proteins, such as 
global coactivators p300 and CREB-binding protein, TATA-binding protein-
associated factor Taf(II)250p and its homologues. The effects of histone H3 
acetylation as well as other histone acetylation are primarily correlated with 
transcriptional activation. Genome-wide mapping of acetylated K9/14 of histone H3 
revealed that acetylated histone H3, together with H3K4-methylated, was localized to 
the 5' regions of transcriptionally active human genes but was greatly decreased 
downstream of the start sites (Liang et al., 2004; Yan and Boyd, 2006).  
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Phosphorylation of serine 10 of histone H3 (H3S10) is involved in chromosome 
condensation, cell-cycle progression during mitosis and meiosis and regulation of 
transcription during interphase. This modification facilitates the transcription of an 
increasing number of genes that are activated as a consequence of a variety of cell-
signaling events (Nowak and Corces, 2004). For instance, Rsk2p, a kinase involved in 
growth control, phosphorylates H3S10 in the presence of epidermal growth factor 
(EGF). Moreover, this modification is usually of concurrence with histone acetylation 
due to the association of Rsk2p with a HAT, CREB binding protein (CBP) (Sassone-
Corsi et al., 1999). Furthermore, it was reported that the stimulation of 
phosphorylation and acetylation of H3 by EGF were synergistic and sequential, as the 
acetyltransferase Gcn5p preferentially bound phosphorylated H3S10 (Cheung et al., 
2000). Nuclear factor kappa B (NF-kB)-targeted genes are also regulated by H3S10 
phosphorylation. Upon stimulation with tumor necrosis factor-alpha (TNFalpha), NF-
kB recruits the IkappaB kinase-alpha (IKK-alpha) to the promoter region of nuclear 
factor kappa B (NF-kB)-regulated genes to phosphorylate H3S10. In cells deleted for 
IKK-alpha, H3S10 phosphorylation was abolished and TNF-alpha regulation of gene 
expression was suppressed (Anest et al., 2003). In response to heat shock, the global 
level of phosphorylation decreased but at the heat shock loci, the level of 
phosphorylation increased, which indicated that H3 phosphorylation plays an 
important role in the transcriptional regulation of the heat shock loci (Nowak and 
Corces, 2000). A recent study found that Histone H3 phosphorylation promotes TBP 
recruitment through distinct promoter-specific mechanisms, which can be mediated 
by H3-K14 acetylation (Lo et al., 2005). 
 
1.3.5 Influences of histone H4 on transcription 
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Analysis with mass spectroscopy revealed that four lysine sites within the 
N-terminal tail of histone H4 K5, K8, K12 and K16, were acetylated in histones 
purified from HeLa cells (Zhang et al., 2002). Recently, lysine 91, which is in the 
core domain of histone H4, was found to be acetylated as well (Ye at al., 2005). Post-
translational modifications of histones, especially acetylation of H4, are conserved 
from unicellular eukaryotes, such as S. cerevisiae and T. thermophila, to mammalian 
cells (Garcia et al., 2007). One role of H4 acetylation is to recruit chromatin 
remodeling complexes which contain bromo-domains to promoters of the target genes 
to alter chromatin structure and make it more accessible to the transcription 
machinery. On different promoters, different HATs are utilized and, consequently, 
different lysine residues are acetylated. Progesterone receptor recruits the coactivator, 
steroid receptor coactivator 1 (SRC-1), to promoters, which in turn recruits the HAT 
CBP and thereby enhances the acetylation of H4K5. Glucocorticoid receptor interacts 
with Src2p, which recruits p300/CBP-associated factor (pCAF) and thus promotes the 
acetylation of H3K14 (Li et al., 2003). The other role of H4 acetylation is to prevent 
the spreading of heterochromatin. H4K16 acetylation destabilizes nucleosomes and 
correlates with regions of chromatin decondensation, which counter chromatin 
condensation by the Sir proteins at S. cerevisiae telomeres (Shogren-Knaak et al., 
2006). Sas2p (something about silencing), a HAT of the MYST family in S. 
cerevisiae, associates specifically with the telomere as shown by a genome-wide 
ChIP-on-ChIP analysis (Shia et al., 2006). Sas2p opposes the NAD-dependent HDAC 
Sir2p to regulate H4K16 acetylation and to create a silencing boundary at telomeres 
(Suka et al., 2002). 
Methylation of histone H4 has been observed at residues lysine 20 and 
arginine 3. Methylation of H4K20 can be catalyzed by SET domain-containing 
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histone methyltransferases, PR-Set7p (Nishioka et al., 2002; Rice et al., 2002), Set8p 
(Fang et al., 2002; Yin et al., 2005), Suv4-20h1p and Suv4-20h2p (Schotta et al., 
2004). This modification is involved in gene silencing. Expression and localization of 
PR-Set7p is cell cycle regulated. During mitosis, expression of PR-Set7p increased 
and it was located on mitotic chromosomes and methylated H4K20 (Nishioka et al., 
2002; Rice et al., 2002). The other two HMTs, Suv4-20h1p and Suv4-20h2p, were 
recruited by HP1 and localized to pericentric heterochromatin and specifically acted 
as nucleosomal H4K20 trimethyltransferases. H4K20 methylation is involved in DNA 
repair. It helps to recruit Crb2p to sites of DNA damage (Sanders et al., 2004). The 
influence of H4K20 methylation on transcription seems to be negative, because the 
structures of chromosomes during mitosis and at pericentric heterochromatin are 
highly condensed and inaccessible to the transcription machinery. The protein 
arginine methyltransferase (PRMT1p) which methylates H4R3 is a nuclear receptor 
coactivator. The transcription activator YY1p binds to and recruits PRMT1p to its 
target promoters. H4R3 methylation facilitates transcriptional activation (Rezai-Zadeh 
et al., 2003). 
Other types of modification were also observed for histone H4, such as the 
phosphorylation of H4S1 (Cheung et al., 2005) and biotinylation of H4K12 
(Camporeale et al., 2007), however their roles in transcription are not clear yet. 
1.3.6 Communications between histone modifications 
As described previously, all five histones can be modified and, within one 
histone, there are several modification sites (Table 1.1). In addition, it was 
summarized that there are at least nine different types of modification, over 60 
different modifiable residues on histones have been detected and almost all the 
modifications are dynamic and reversible (Kouzarides, 2007). Therefore histone 
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modification is a complex issue. In fact, different histone modifications are not 
independent events; on the contrary, one modification often excludes or facilitates the 
other one. The lysine residues serve as the substrate of methylation, acetylation, 
ubiquitination and sumoylation. These different modifications obviously exclude each 
other on one particular lysine residue. Interestingly, there are also many examples for 
the ‘cross-talk’ among different residues or different histones.  
 
Table 1.1 The effects of histone modifications on transcription.  
 
Histone  Modification  Effect on transcription  
Methylation  Heterochromatin silencing 
Phosphorylation  Activation and repression H1 
Ubiquitination  Activation  
Acetylation  Activation  H2A 
Ubiquitination (H2AK119) Polycomb silencing 
Acetylation  Activation  
ADP-ribosylation Elusive  
Phosphorylation (H2BS14) Elusive  
Phosphorylation (H2BS33)  Activation  
Sumoylation  Repression  
H2B 
Ubiquitination (H2BK120/123) Activation  
Acetylation (H3K9, 14, 18, 23) Activation  
Methylation (H3K4, K36, K79, R17) Activation  




Phosphorylation (H3S10)  Activation  
H3 
Proline isomerization (H3P38) Repression   
Acetylation (H4K5, K8, K12, K16) Activation  
Biotinylation  Elusive  
Methylation (H4K20) Repression  
H4 
Methylation (H4R3) Activation  
 
Firstly, histone methylation may be influenced by other histone modifications. A 
well-studied example is the requirement of H2BK123 mono-ubiquitination for the 
methylation of H3K4 and K79 (Dover et al., 2002; Ng et al., 2002; Sun and Allis, 
2002; Roguev et al., 2003). Recently, it was found that mono-ubiquitination of 
H2BK123 is dispensable for mono-methylation of H3K4 and H3K79 but required for 
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the transition from mono-methylation to di- and tri-methylation. Furthermore, H2B 
mono-ubiquitination did not affect the recruitment of HMTs but regulated their 
processive methyltransferase activity (Shahbazian et al., 2005). In the previously 
mentioned pS2 promoter activation stimulated by estrogen, histone H3R17 
methylation was demonstrated to follow H3K18 and H3K23 acetylation. Within 15 
minutes after estrogen stimulation, CBP/p300 acetyltransferase was bound to 
chromatin to acetylate H3K18 and H3K23 sequentially. Then CARM1 was recruited 
to chromatin by the acetylated H3 tail to methylate H3R17. Without the 
acetyltransferase activity of CBP, the methylation of H3R17 was abolished (Daujat et 
al., 2002). Phosphorylation of H3S10, which facilitates the acetylation of H3K14, 
influenced the methylation of H3K9 negatively (Rea et al., 2000; Lo et al., 2001). 
Secondly, in reverse, histone methylation can also affect acetylation and mono-
ubiquitination. Chd1p (chromo-ATPase/helicase-DNA binding domain 1), as a 
component of SAGA and SLIK, is a chromodomain protein which binds to tri-
methylated H3K4, thereby tethers SAGA or SLIK to H3K4-methylated chromatin to 
enhance H3 and H2B acetylation, and maybe H2B deubiquitination by SAGA as well 
(Pray-Grant et al., 2005). Additionally, methylation of histone H4R3 by PRMT1p is 
essential for subsequent histone acetylation of both H3 and H4 (Huang et al., 2005). 
In some cases, histone methylation can also affect histone deacetylation. The Set2p-
methylated histone H3K36 was recognized by the chromodomain protein Eaf3p, 
which is a subunit of histone deacetylase Rpd3S, resulting in the deacetylation of 
RNA polymerase II-transcribed regions (Lee and Shilatifard, 2007). 
Lastly, methylation of one histone can affect the methylation of another histone. 
H3K9 tri-methylation by HMT Suv39hp is required for H4K20 tri-methylation by 
HMTs Suv4-20h1p and Suv4-20h2p. These two methylation events are bridged by 
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HP1, which specifically binds to tri-methylated H3K9 and meanwhile interacts with 
the Suv4-20hp enzymes (Schotta et al, 2004). 
In general, the regulation of gene expression starts from the binding of 
transcription factors to the promoter of specific genes, which initiate a cascade of 
histone modification events. These modifications work in an ordered and 
combinational fashion to result in expression or silencing of genes. Different 
combination patterns of histone modification are thought to cause different biological 
consequences, which are referred to as the ‘histone code’ (Rice and Allis, 2001). As 
mentioned above, there are at least nine different types of modifications and more 
than sixty modifiable histone residues detected by now, and the numbers are 
continually increasing. So, there should be a huge number of possible combinations. 
The sophisticated ‘histone code’ is believed to be deciphered by chromatin-
remodeling complexes, histone modifying enzymes and transcription factors which 
contain recognition domains for the specifically modified histones.  
The domains that recognize histone modifications include the chromodomain, 
the PHD finger, and the bromodomain (Table 1.2). In a way, the absence of 
modification can be treated as a modification status, too. Some transcription factors 
interact with non-modified histones better than with modified histones. For example, 
Sir3p prefers to bind to non-methylated, non-acetylated histone H3, whereas tri-
methylation of histone H3 within euchromatin disrupts its binding and therefore 
blocks the spreading of the Sir proteins to the flanking euchromatin regions. The 
transcriptional repressor complex NuRD binds to the N-terminal tail of histone H3, 





Table 1.2 Protein domains that recognize histone modifications 
 
Histone modification Domain Protein Complex Function 
Methylation 
H1.4K26 Chromo HP1 - Pericentric heterochromatin silencing 
Chromo Chd1 SAGA, SLIK HAT; Transcription activation 
PHD BPTF NURF Chromatin remodeling 
PHD ING2 Sin3a-HDAC1 HDAC 
MBT L(3)MBTL - Transcriptional repressor 
H3K4 
Tudor JMJD2A - Histone demethylase 
Chromo HP1 - Pericentric heterochromatin silencing H3K9 
Chromo HP1 gamma - Transcription activation 
H3K27 Chromo PC2 - Maintenance of inactive X chromosome 
H3K36 Chromo Eaf3 Rpd3S HDAC; Prevention of spurious initiation 
H4K20 Tudor Crb2 - DNA repair 
Acetylation 
Bromo Gcn5 SAGA, SLIK HAT; Transcription activation  
Bromo Swi2 SWI/SNF Chromatin remodeling 
Phosphorylation 
H3S10 14-3-3 14-3-3 - Scaffold protein 
 
 
In essence, histones play a crucial role in the regulation of transcription. The 
enzymes that modify histones and the proteins that recognize these modifications are 
the main targets of the studies on histone functions. The identification of the enzymes 
that direct histone modifications has been the focus of study over the last ten years. 
Enzymes for acetylation, methylation, phosphorylation, ubiquitination, sumoylation, 
ADP-ribosylation, deimination, proline isomerization and enzymes that remove these 
modifications have been identified. However, at present, only a limited number of the 
histone-binding factors have been known. Moreover, in the complicated but precise 
transcription process, how the modifications of different histones work sequentially 




1.4 Objectives and significance 
The objectives of this study were to identify histone-interacting proteins through 
S. cerevisiae genomic DNA library screening and discover biochemical and genetic 
evidence for the correlation of histones and histone-interacting proteins with 
transcriptional regulation. Through the study of histones and histone-interacting 
proteins, a better understanding for the mechanism of transcriptional regulation 
involving histones and histone modifications should be achieved. The mechanisms of 
transcriptional regulation are quite similar in most eukaryotic cells. Moreover, 
histones, particularly H3 and H4, are highly conserved in evolution. For instance, 
there are only eight amino acids different between human and S. cerevisiae histone 
H4. Therefore, as a simple eukaryote, which is easy to manipulate, S. cerevisiae is a 
useful tool to study histone functions in transcriptional regulation.  
To isolate histone-interacting proteins, S. cerevisiae genomic DNA library was 
herein screened using the split-ubiquitin system. After that, to uncover the identity of 
histone-interacting proteins, gene sequences were examined using a DNA sequencer. 
The split-ubiquitin system is a powerful tool to study protein-protein interactions, but 
it demonstrates close proximity between two proteins and not necessarily a direct 
protein-protein interaction. Therefore, establishing more evidence for the protein-
protein interactions was necessary in order to confirm that the candidates isolated 
from the genomic DNA library do interact with the histones. To achieve this purpose, 
GST pull down assays were applied to further demonstrate the interactions.  
To study the physiological functions of histones and histone-interacting proteins, 
a serial of S. cerevisiae gene deletion strains were examined for growth phenotypes 
under different culture conditions. Gene deletion is a common genetic method to 
study gene function. Additionally, genetic and functional interactions can be 
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concluded, if histone mutants and strains deleted for the genes encoding the histone-
interacting proteins have some phenotypes in common. 
Finally, to test whether the histone-interacting proteins influence modifications 
of histones, Western Blots were performed using mutated S. cerevisiae strains. In 
addition, real-time PCR and chromatin immunoprecipitation assays were carried out 
to study the effects of the histone-interacting proteins on transcription.  
The scope of this study was restricted to transcriptional regulation. Other 
biological processes, such as DNA repair, homologous recombination, DNA 
replication, and cell cycle regulation were excluded from this project, although those 
processes also involve histones and histone modifications. 
In next chapter, the methods and results of the library screening will be 
introduced, because the isolation of the histone-interacting proteins is the foundation 
















Library Screening for Histone-interacting Proteins 
Chapter 2 
2.1 Preface 
Most cellular processes are executed by proteins and most proteins are 
components of multiprotein complexes which are formed through physical protein-
protein interactions. There are about 6,000 genes and 5,885 different proteins in the 
yeast Sacchromyces cerevisiae, as there are approximately 140 genes specifying 
ribosomal RNA, 40 genes for small nuclear RNA molecules, and 275 transfer RNA 
genes (Goffeau et al., 1996). It was estimated that there are more than 80,000 protein 
interactions in yeast (Mering et al., 2002). To explore the interacting partners of a 
given protein from such a complicated protein-protein interaction network, high 
throughput techniques, for instance, affinity purification plus mass spectrometry and 
yeast two-hybrid assays, are very useful. In the affinity purification plus mass 
spectrometry method, a tagged protein is used as ‘hook’ to biochemically purify the 
whole protein complex. Then the protein components of the complex are separated 
with SDS-PAGE and identified by mass spectrometry (Rigaut et al., 1999). This 
method has been successfully applied to identify protein-binding partners (Colina and 
Young, 2005; Tardiff and Rosbash, 2006; Koch et al., 2007) however because of its 
special requirement of equipments it is not suitable for some laboratories.  
Since the establishment of the yeast two-hybrid method (Fields and Song, 1989), 
many protein-protein interactions have been identified with this powerful technique. 
This method does not require expensive equipment and has its advantages.The yeast 
two-hybrid method can not only be applied in the examination of the in vivo 
interaction between two known proteins but also has been widely used to screen novel 
interacting partners for proteins of interest from a libarary. Gal4p is one of the yeast 
transcriptional activators containting a DNA-binding domain (DBD) and an activation 
domain (AD). The DBD of Gal4p binds to the Gal4p-binding sites of the GAL1-10 
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promoter, while the AD of Gal4p activates GAL1 and GAL10 transcription by RNA 
Pol II. In the yeast two-hybrid system, the bait protein is fused to the DBD of Gal4p 
whereas the prey protein is fused to the AD of Gal4p. If the bait interacts with the 
prey protein, this interaction will bring the DNA-binding domain and the activation 
domain together to reconstitute a native-like Gal4p protein, which will activate the 
transcription of the reporter β-galactosidase gene. Thus the interaction between bait 
and prey can be visualized with the blue color of the yeast colonies containing the 
interaction. 
In the above-mentioned conventional two-hybrid system, the readout of a 
protein-protein interaction is based on reporter gene activation, therefore it is not 
suitable for the analysis of transcription factors that would interfere with the 
transcription of the reporter gene. Fortunately, the split-ubiquitin system was 
established and it was good at solving this problem (Johnsson and Varshavsky, 1994), 
because the split-ubiquitin system tests protein-protein interactions based on 
conditional protein degradation. Ubiquitin is a 76 amino acid protein that can attach to 
eukaryotic proteins and it marks proteins for degradation by proteasomes. In the split-
ubiquitin system, the prey protein is fused to the N-terminal half (Nub) of ubiquitin 
and the bait protein is fused to the C-terminal half of ubiquitin (Cub) immediately 
followed by the reporter protein RUra3p (the first residue of Ura3p was changed to 
arginine to cause the ubiquitination and subsequent degradation of the RUra3p 
reporter by the N-end rule pathway). Ura3p is an enzyme converting the chemical 
reagent FOA into a toxic metabolite, thus the yeast cells which stably express Ura3p 
will be sensitive to FOA and the yeast cells in which Ura3p is rapidly degraded will 
be resistant to FOA. Neither Nub nor Cub is functional for protein degradation. When 
the prey interacts with the bait, the two halves of ubiquitin are brought close enough 
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to form a native-like ubiquitin, which will cause the release of RUra3p by ubiquitin-
specific proteases (UBPs) and the subsequent degradation. Therefore yeast cells 
Every method has advantages and disadvantages. The advantages of the split

































Figure 2.1 The principle of the split-ubiquitin system 
A. The fusion of RUra3p to the C-terminus of Ubiquitin leads to the cleavage of RUra3p from
ubiquitin by the UBPs.  Free RUra3p is degraded rapidly by the N-end rule pathway of protein
degradation. Yeast becomes resistant to FOA.  
B. Neither Nub nor Cub is able to act as full-length ubiquitin. The Bait-Cub-RUra3p is stable. The
enzymatic activity of RUra3p converts FOA into 5-fluorouracil, a toxic metabolite. The yeast
is sensitive to FOA thus. 
C. When Nub-prey and bait-Cub-RUra3p are co-expressed in yeast cells, the results depend on the
interaction between the prey and the bait proteins. If the prey does not interact with the bait,
the bait-Cub-RUra3p is stable and yeast is sensitive to FOA. 
D. If the prey interacts with the bait, this interaction will bring Nub and Cub close enough to
reconstitute a native-like ubiquitin and lead to the release and degradation of RUra3p.  
 
itin system include: first, the expression of bait and prey proteins are 
independent of the endogenous protein expression which may be affected by many 
intracellular and extracellular factors; second, the bait protein is not required to be 
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localized in nucleus, therefore this system can be used for the study of membrane 
protein; third, since the readout of the protein-protein interaction is based on the 
conditional degradation of the reporter protein, this system can be applied to study 
transcription factors (Lehming 2002). In fact, this system has been successfully used 
to demonstrate interactions between transcription factors (Gromöller and Lehming, 
2000, Laser et al., 2000; Patzold and Lehming, 2001; Bongards et al., 2003). 
In this project, with the help of the split-ubiquitin system, four baits, histone 
Hho1p, Htb1p, Hht1p and Hhf1p (homologs of human histone H1, H2B, H3 and H4 
in the yeast S. cerevisiae), were used to isolate histone-interacting proteins in the 
library screening. Histone Hta1p (homolog of human histone H2A in the yeast S. 
cerevisiae) was studied by another student in Dr. Norbert Lehming’s lab. 
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2.2 Materials and methods 
2.2.1 Yeast strains and plasmids 
Yeast S. cerevisiae strains 
JD52 (MATa trp1-∆ 63 ura3-52 his3-∆200 leu2-3112. lys2-801) 




Genomic DNA libraries 
PACNX-NubIBC1-3-Bank13 
 
2.2.2 Experimental procedures 
2.2.2.1 Plasmid construction 
Bait plasmids: Bait plasmids were constructed by my supervisor Dr. Norbert 
Lehming. Histone HHO1, HTB1, HHT1 and HHF1 genes were cloned into a TRP1-
marked RS314-PCUP1-Cub-RUra3 vector respectively, so that the expression of histone 
genes were under the control of the copper-regulated CUP1 promoter and histone 
proteins were C-terminally extended with Cub-RUra3p. For amplification in E. coli, 
the plasmid carries an ampicillin resistance marker gene. 
Yeast genomic DNA library: The library was constructed by my supervisor Dr. 
Norbert Lehming. Yeast genomic DNA was partially digested with the restriction 
endonuclease Sau3A. The DNA fragments were cloned into the LEU2-marked 
plasmids PACNX-NubIBC1, PACNX-NubIBC2 and PACNX-NubIBC3. The linker 
sequences between Nub-HA and the inserted genomic DNA fragment are different for 
these three vectors, with IBC2 vector having one additional base and IBC3 having 
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two additional bases. The protein fragments were expressed under the control of the 
ADH1 promoter and they were N-terminally fused to the Nub-HA tag. For 
amplification in E. coli, the plasmid carries a chloramphenicol resistance marker gene. 
 
2.2.2.2 Yeast cell transformation with the lithium acetate method  
Yeast strains JD52 and JD55 were inoculated into 50 ml of YPDA broth and 
cultured to OD600nm ≈ 1.0. Yeast cells were harvested, washed with 1 ml of sterile 
water, resuspended in 0.5 ml of 0.1 M LiAc-TE (pH7.5) and then incubated at 28°C 
for 1 hr to make the cells competent. For DNA transformation, 1 µl of plasmid DNA, 
4 µl of fish sperm DNA, 20 µl of competent cells and 100 µl of 40% PEG were mixed 
in an Eppendorf tube and incubated at 28°C for 1 hr. After heat shock at 42°C for 15 
min, the yeast cells were centrifuged at 7,000 rpm for 1 min, the supernatants were 
removed and the cell pellet was resuspended in 30 µl of sterile water. Finally, the 
yeast cells were spread on selective media and incubated at 28°C for 3 days. 
 
2.2.2.3 E. coli DH10B transformation with the electroporation method 
4 µl of plasmid DNA and 40 µl of DH10B electrocompetent E. coli cells were 
mixed in the slot of an ice-chilled sterile electroporation cuvette and electroporated 
for about 5 msec. Then 400 µl of ice cold LB broth was add into the cuvette 
immediately and mixed gently. The mixture was transferred to a sterile Eppendorf 
tube and incubated at 37°C for 1 hr before being spread on LB plates with 






2.2.2.4 BigDye cycle sequencing 
Plasmid DNA samples were sequenced with the Sanger dideoxy sequencing 
method using BigDye™ Terminator Ready Reaction Cycle Sequencing Kit (PE-
Biosystems) as described by the manufacturer.  
 
2.2.2.5 Isolation of plasmid DNA from yeast cells 
Yeast cells containing plasmid DNA were cultured in 10 ml of selective media 
at 28°C for 2 days. The cells were precipitated by centrifuge, washed once with sterile 
water and transferred to a new Eppendorf tube. Cell pellets were resuspended in 
400 µl of yeast breaking buffer. Then two spoons of acid washed glass beads (Sigma) 
and 400 µl of phenol-chloroform-isoproponal (25:5:1), pH4.5 (Sigma) were added. 
The Eppendorf tube was vortexed at room temperature for 3-4 min to break the yeast 
cells. The tube was centrifuged at 13,000 rpm for 10 min and the upper aqueous layer 
was transferred to a new tube. 1 ml of absolute ethanol was added and mixed violently. 
The sample was centrifuged at 13,000 rpm for 10 min to precipitate DNA. The 
supernatant was removed and the DNA pellet was resuspended with 400 µl of 0.3 M 
NaAc and precipitated again with absolute ethanol. DNA pellet was rinsed with 1 ml 
of 70% ethanol and dried in a vacuum centrifuge. Finally, the DNA was dissolved in 
50 µl of sterile water. 
 
2.2.2.6 Plasmid linkage assay 
Plasmid DNA isolated from yeast cells, which had been co-transformed with the 
Cub and Nub plasmids, was transformed into E. coli DH10B and spread on LB plates 
with chloramphenicol to separate and amplify the Nub plasmid. For each 
transformation, four single colonies were picked to perform DNA minipreparations. 
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The Nub plasmids were digested with the restriction endonucleases HindIII and NotI to 
determine the size of the inserted DNA fragment with agarose gel electrophoresis. 
The Nub plasmids isolated by minipreparation were also transformed back into the 
yeast cells containing the corresponding histone-Cub-RUra3p plasmid with which the 
FOA resistance had originally been observed. Equal amounts of the transformants 
were spread on a WL (synthetic complete medium lacking tryptophan and leucine) 
plate and an FWL (FOA-containing synthetic complete medium lacking tryptophan 
and leucine) plate. After three days incubation at 28°C, colonies on both plates were 
counted. The ratio of the number of colonies on the FWL plate to the number of 
colonies on the WL plate was used to determine plasmid linkage. 
 
2.2.2.7 Yeast titration assay 
Yeast cells were scraped from a master plate and suspended in 90 µl of sterile 
water. Next, 10-fold serial dilutions were performed with sterile water in a 96-well 
plate. 5 µl of different diluents were dropped onto selective plates side by side with a 
multiple pipettor and incubated at 28°C for 3-4 days.  
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2.3   Results  
2.3.1 Isolation of thirty-four novel histone-interacting candidates with the spilt-
ubiquitin system 
2.3.1.1 Thirty-eight different candidates were isolated by four library screens 
To screen the libraries, the yeast strain JD52 was firstly transformed with the 
bait plasmids RS314-PCUP1-Hho1-Cub-RUra3, RS314-PCUP1-Htb1-Cub-RUra3, RS314-
PCUP1-Hht-Cub-RUra3 or RS314-PCUP1-Hhf1-Cub-RUra3, then made competent and 
transformed with the PACNX-NubIBC1-3 library. Equal amount of the transformed 
cells were spread onto FWL and 100FWL plates (the 100FWL plates contained 
100 μM CuSO4 to increase the expression of the histone-Cub-fusions). After three 
days incubation, FOA resistant colonies appeared on these plates. Relatively bigger 
white colonies were picked and streaked onto new FWL plates to confirm the FOA 
resistance. Forty-four colonies were picked and streaked for bait Hho1p, and 43 of 
them grew on the new FWL plates. For histone Htb1p, 6 of 14 picked colonies were 
able to grow on the new FWL plates. For histone Hht1p, 25 of 28 colonies grew on 
new FWL plates and for Hhf1p, 26 of 31 grew on the new FWL plates. Totally, 100 
yeast colonies picked from the screening plates were confirmed to be FOA resistant, 
which suggested these histone-Cub-RUra3p-expressing cells contained Nub-fusions 
that interacted with the respective histones. 
When the library DNA had been transformed into the yeast cells containing the 
bait plasmids, there was the chance that more than one type of Nub-fusion plasmid had 
been transformed into one yeast cell. To separate the different types of Nub-fusion 
plasmids, the plasmid mixtures were isolated from yeast and then transformed into 
E. coli DH10B into which only one type of the Nub plasmid could be introduced due 
to allelic exclusion. Four E. coli colonies were picked for each transformation to 
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perform DNA minipreparation, hence totally 400 DNA minipreparations were 
performed. The digestion of these Nub plasmids with HindIII and NotI showed that the 
four E. coli colonies picked from one transformation indeed contained different Nub 
plasmids. Figure 2.2 shows representative results of the digestion of Nub-fusion 
plasmids. Lanes 1 to 4 were the restriction endonuclease digestion products of the  
H4                           H4 H1                       H2B
4.1   4.2   4.3   4.4   5.1   5.2   5.3   5.4  32.1 32.2 32.3 32.4 1.1  1.2  1.3  1.4
1      2      3       4      5      6     7      8      9     10 11   12    13    14    15    16
Vector
Inserts
The Nub-fusion plasmids isolated from FOA-resistant yeast colonies were transformed into E.coli
DH10B. Four E.coli colonies were picked from every transformation plate to isolate plasmids.  The
Nub-fusion plasmids isolated from E.coli were digested with HindIII and NotI and loaded on a 1%
agarose gel for electrophoresis.  
Figure 2.2 Some Nub-fusion plasmids isolated from the same yeast colony carry different inserts
 
four Nub plasmids derived from one yeast colony picked from an FOA plate of the 
library screening. These Nub plasmids were named H4 4.1 to H4 4.4, because they 
were derived from the fourth yeast colony picked for the screen of H4-interacting 
partners. The insert size of H4 4.1 was equal to H4 4.4 but different from H4 4.2 and 
H4 4.3, therefore they were considered as three different candidates. Lane 5 to lane 8 
shows the restriction endonuclease products of Nub plasmids H4 5.1 to H4 5.4. 
Plasmid H4 5.3 with no insert was discarded as an empty vector. The insert of H4 5.1 
was equal to insert of H4 5.2 but different from insert of H4 5.4, thus they were 
considered as two different candidates. Similarly, lane 9 to 12 shows the two different 
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interacting candidates of yeast histone H1. Lane 13 to 16 shows the two different 
interacting candidates of yeast histone H2B.  
To identify which Nub-fusion interacted with the bait histone and thereby 
conferred the FOA resistance, plasmid linkage assays were performed as described in 
the experimental procedures. The results showed that different Nub plasmids derived 
from the same yeast colony might be all plasmid-linked or only one was plasmid-
linked with the bait plasmid. For the four bait histones H1, H2B, H3 and H4, totally 
162 Nub plasmids were determined to be plasmid-linked with the corresponding bait 
histone-Cub-RUra3p. 
For the 162 plasmid-linkage positive candidates, cycle sequencing was 
performed to obtain the insert sequences of the Nub plasmids. The sequences were 
subsequently analyzed using the blast tool of the website: 
http://www.yeastgenome.org/. The results showed that quite a number of the 
sequenced plasmids contained the same inserts and finally 38 different candidates 
were identified for the four bait histones as listed in Table 2.1. Among them, 19 
candidates were isolated from the library several times, indicating screen saturation. 
The candidates Kri1p and Nop4p were previously reported to interact with histone 
H2A (Ho et al., 2002) and the candidate Rvb2p was reported to interact with histone 
H4 (Gavin et al., 2006). The remaining 35 are novel histone-interacting candidates. 
The four histones also shared some candidates as common interacting partners, such 
as Acp1p, which had been isolated with both H1 and H3, and Bur6p, which had been 
isolated with both H1 and H4 (Table 2.1). This can be explained in two ways: First, 
there are some proteins interacting with different histones, e.g. transcription regulator 
Rvb2p interacted with both H4 (Gavin et al., 2006) and H2A.Z (Mizuguchi et al., 
2004). Second, some candidates only directly interact with one histone, but the  
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Table 2.1 Distribution of the isolated interacting candidates among four histones  
Bait protein Candidate 
gene H1 H2B H3 H4 
ACP1 √  √  
ADD37 √   √ 
ATC1 √    
BUR6 √   √ 
CDC3 √    
CUS1   √ √ 
DAP1    √ 
DID4 √    
FUN30 √    
GRE1  √  √ 
JJJ3   √  
KRI1 √   √ 
NOP4   √  
NUP53 √   √ 
PAF1 √    
PAM1 √    
PAN1   √ √ 
PRP11 √    
PYC2 √    
RAD1 √ √   
RCR1 √  √  
ROK1 √  √  
RPB4 √  √  
RPB8 √    
RTT107 √  √  
RVB2   √  
SLM1  √   
SRP1 √  √  
SRP14 √  √ √ 
SSE2  √   
SSO2 √    
TUF1 √   √ 
UIP4    √ 
VTC2  √   
YDR008C √ √  √ 
YNL010W √    
YPR013C √    
ZRG8   √ √ 
Tick (√) means the candidate indicated in the left column had been isolated by the histone indicated at 
the top of the column.  
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spacial proximity of the histones may have resulted in their isolation with other 
histones due to indirect interaction. 
 
2.3.1.2 Elimination of false positive candidates 
As previously described, in the split-ubiquitin system, the protein-protein 
interaction is determined by the resistance to FOA, which results from the degradation 
of the reporter protein RUra3p via the N-end rule pathway. Occasionally, however, 
the Nub fusion protein may confer to the yeast cell FOA resistance by means other 
than protein-protein interaction. Multi-drug resistance membrane transporters, for 
example, can lead to FOA resistance when over-expressed from the strong ADH1 
promoter (Lehming, 2002). To test this possibility, the yeast strain JD55 was utilized. 
In this strain the UBR1 gene (Ubr1p is an E3 ubiquitin-protein ligase) was deleted so 
that the yeast is unable to degrade free RUra3p through the N-end rule pathway 
(Dohmen et al., 1991). Therefore, the interaction between Nub and Cub fusion proteins 
will not generate FOA resistance any more. The titration analysis showed that when 
JD55 cells were co-transformed with the histone-Cub and Nub-candidate plasmids, 
most cells grew on the UWL plate, which lacked uracil, tryptophan and leucine, and 
they failed to grow on the FWL plate, which contained FOA and lacked tryptophan 
and leucine (Figure 2.3). However the Nub-YDR008C, which had been isolated from 
the library by histones H1, H2B and H4, still conferred JD55 FOA resistance upon 
cotransformation with histone-Cub-RUra3p (Figure 2.3A, lane 3; 2.3B, lane 5 and 
2.3C, lane 4). The YDR008C gene is located next to the TRP1 gene, and the TRP1 
gene contained on the genomic fragment had presumably caused the FOA resistance. 
As the cell expressed Trp1p from the library plasmid, it was able to loose the histone-
 57
Chapter 2 
Cub-RUra3p plasmid, causing FOA resistance in JD52 as well as in JD55. Ydr008cp 
was not considered as a histone-interacting candidate thus. 
Figure 2.3  The cotransformation of Nub-YDR008C and histone-Cub-RUra3 conferred JD55 FOA-
resistant phenotype by means other than protein-protein interaction 
Nub fusion plasmids isolated from the library were cotransformed with the respective bait histone-Cub-
RUra3 plasmids into JD55 and titrated onto WL plates (lacking tryptophan and leucine), UWL plates
(lacking uracil, tryptophan and leucine) and FWL plates (containing FOA and lacking tryptophan and
leucine).  
A. Cotransformation of Nub-YDR008C with Hho1-Cub-RUra3 into JD55 led to FOA resistance.  
B. Cotransformation of Nub-YDR008C with Htb1-Cub-RUra3 into JD55 led to FOA resistance. 
C. Cotransformation of Nub-YDR008C with Hhf1-Cub-RUra3 into JD55 led to FOA resistance.  
Nub alone was used as negative control; Nub-H2A and Nub-H3 were used as positive controls for
protein-protein interaction. 
 
WL                                        UWL                                        FWL 
WL                                         UWL                                        FWL 
WL                                         UWL                                        FWL 
H1-Cub-RUra3p
H4-Cub-RUra3p



















2.3.1.3 Relative quantification of protein-protein interactions  
As mentioned above, the histone H3-interacting candidate Nop4p and the H1-
interacting candidate Kri1p were previously found to co-purify with histone H2A (Ho 
et al., 2002), and another H3-interacting candidate Rvb2p was found to co-purify with 
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histone H4 (Gavin et al., 2006). The results of the library screening also showed that 
different histones shared some interacting candidates (Table 2.1). Taken together, it 
indicates that some proteins may interact with more than one type of histone. In order 
to know whether the interacting candidates isolated with one histone would interact 
with other histones as well and to measure the strength of interaction between the Nub 
and Cub fusion proteins, yeast titration assays were carried out for the 37 candidates 
combined with all five histones. Figure 2.4 shows the interactions between histone 
H1-Cub-RUra3p and various Nub fusion candidates. The interactions between H1 and 
the candidates lead to the degradation of the RUra3p reporter, therefore the yeast 
displayed reduced growth on the UWL plate, which lacked uracil. On the 100 UWL 
plate, due to the induction of the CUP1 promoter by the addition of 100 μM CuSO4, 
expression of H1-Cub-RUra3p was enhanced and the yeast grew better than on the 
UWL plate. The expression of the H1-Cub-RUra3p reporter caused FOA sensitivity. 
Therefore the yeast survived better on the FWL plate than on the 100 FWL plate, 
where the expression of the H1-Cub-RUra3p reporter had been induced by the addition 
of 100 μM CuSO4. The titrations of the isolated histone-interacting candidates with 
H2A-Cub-RUra3p, H2B-Cub-RUra3p, H3-Cub-RUra3p and H4-Cub-RUra3p are shown 
in supplementary Figure S1. 
To quantify the strength of interaction on each plate, the relative growth score 
was calculated with the following formulas: 
On UWL and 100UWL plates,  
[(growth score of candidate on FWL)-(growth score of candidate on WL)]-











































WL                     UWL               100 UWL                FWL                 100 FWL
Figure 2.4 Most Nub-fused candidates isolated from the library showed interaction with
Hho1-Cub-RUra3p in the Split-Ubiquitin assay  
JD52 cells co-expressing Hho1-Cub-RUra3p and the depicted Nub-fused candidates were 10-fold 
serial diluted and spotted onto the indicated plates. Interactions between the two respective proteins 
were revealed by growth defect on the uracil-lacking plates UWL and 100UWL and growth on the 
5-FOA containing plates FWL and 100FWL. 100μM CuSO4 added in the 100UWL and 100FWL 
plates enhanced the expression of Hho1-Cub-RUra3p. Nub served as negative control. 
 
On FWL and 100FWL plates, 
[(growth score of candidate on WL)-(growth score of candidate on UWL)]-
[(growth score of Nub on WL)- (growth score of Nub on UWL)] 
 
The formulas take into consideration that on a plate lacking uracil, the protein-
protein interaction reduces growth, while on a plate containing FOA, the protein-
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protein interaction improves growth. As the cells were ten-fold serial diluted, a 
growth score of 1.0 indicates that an Nub fusion reduced growth ten-fold on a plate 
lacking uracil and increased growth ten-fold on a plate containing FOA as compared 
to cells expressing the respective histone-Cub-RUra3p fusion and just Nub. The 
relative growth scores of the four different reporter plates UWL, 100 UWL, FWL and 
100 FWL were averaged to generate the interaction score for each Nub fusion. An 
interaction score of 1.0 or more was considered significant. 
The interaction scores of the various candidates with the five histones are 
summarized in Table 2.2. From the Table, it can be seen that most of the 37 
candidates interacted with all the five histones except the candidates Atc1p, Gre1p, 
Nop4p, Nup53p, Prp11p, Rpb8p, Rtt107p and Srp1p. It is hard to explain how one 
protein can interact with all the five histones because of the three-dimensional 
structure of nucleosome. As discussed previously in this chapter, some positive 
interaction results might be due to the spacial proximity of the histones. Therefore, 
this result raises the necessity to determine the direct interactions with proteins 
isolated from E. coli, which will be reported in chapter 3 of this thesis. 
 
2.3.2    Information about the histone-interacting candidates from SGD 
The libraries used in this screening contained randomly generated protein 
fragments due to their constructions from partially Sau3A-digested genomic DNA. 
Thus an advantage of this screening is that the fragments isolated from the libraries 
may indicate the histone-interacting domains in the full-length candidates. The 
sequences of the fragments isolated from the libraries were aligned with the full-
length genes to analyze the locations of the interacting fragments in the corresponding 
proteins. As shown in Table 2.3, for most candidates, the fragments interacting with  
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Table 2.2 Relative interaction scores of the 37 candidates with the five histones 
 
Candidate H1 H2A H2B H3 H4 
ACP1 2.5 2.0 2.5 2.8 2.5 
ADD37 2.3 2.0 2.5 2.0 3.0 
ATC1 1.8 1.8 0 1.3 2.0 
BUR6 1.0 1.3 1.5 1.3 2.8 
CDC3 3.0 2.0 1.5 2.0 2.8 
CUS1 2.8 2.3 2.0 2.0 2.5 
DAP1 3.0 1.0 2.0 2.5 3.5 
DID4 1.3 1.3 1.0 1.8 2.0 
FUN30 2.5 2.0 1.5 2.0 1.8 
GRE1 0 0 3.0 0.3 2.3 
JJJ3 1.8 2.5 1.8 3.0 2.5 
KRI1 1.0 1.3 1.0 1.3 2.3 
NOP4 3.3 2.0 0.3 2.3 3.3 
NUP53 2.5 1.5 0.3 1.5 3.0 
PAF1 3.0 2.8 1.5 3.0 3.3 
PAM1 1.3 1.5 1.5 1.5 3.0 
PAN1 2.8 2.5 2.8 3.0 2.5 
PRP11 0.8 1.0 1.3 1.0 1.5 
PYC2 2.8 2.3 2.5 2.5 3.3 
RAD1 3.0 2.5 1.8 2.5 3.5 
RCR1 2.0 1.8 2.3 3.3 3.5 
ROK1 1.8 1.5 1.3 1.8 2.8 
RPB4 2.5 2.0 1.8 2.8 2.3 
RPB8 0.5 0.8 0.3 0.5 1.8 
RTT107 3.3 1.8 0 2.5 3.0 
RVB2 1.8 1.8 1.3 2.0 2.0 
SLM1 2.8 1.8 1.8 1.8 3.0 
SRP1 0.8 1.0 0.8 2.0 1.0 
SRP14 2.5 1.5 1.3 2.3 3.0 
SSE2 3.3 2.8 3.3 3.3 3.0 
SSO2 2.3 1.5 1.8 2.0 3.5 
TUF1 3.0 2.3 2.0 2.8 3.8 
UIP4 1.3 1.5 1.0 1.0 2.0 
VTC2 2.3 2.0 1.3 1.5 2.8 
YNL010W 0.8 1.3 1.3 0.8 2.3 
YPR013C 2.3 1.0 1.0 1.0 2.8 
ZRG8 0.8 2.3 1.3 3.3 3.5 
 





Table 2.3 Analysis of the candidate sequences isolated from genomic DNA libraries 
 
gene name gene location protein length Fragment isolated 
ACP1 XI :  80538 - 80161 125aa 83aa (43-125) 
ADD37 XIII : 628188 - 628784 198aa 139aa (60-198) 
ATC1 IV : 831505 - 830621 294aa 243aa (49-292) 
BUR6 V : 491953 - 491525 142aa 140aa (3-142) 
CDC3 XII : 764137 - 762575 520aa 97aa (424-520) 
CUS1 XIII : 751239 - 749929 436aa 33aa (404-436) 
DAP1 XVI :228313 - 228771 152aa 136aa (17-152) 
DID4 XI : 437544 - 438182 232aa 23aa (210-232) 
FUN30 I : 114921 - 118316 1131aa 174aa (371-544) 
GRE1 XVI : 129137 - 128631 168aa 124aa (46-168) 
JJJ3 X : 612109 - 612627 172aa 90aa (76-165) 
KRI1 XIV : 55896 - 54121 591aa 105aa (105-209) 
NOP4 XVI : 469934-471991 685aa 124aa (562-685) 
NUP53 XIII : 564434 - 565861 475aa 226aa (129-354) 
PAF1 II : 761213 - 762550 445aa 185aa (239-423) 
PAM1 IV : 960605 - 963097 830aa 55aa (760-814) 
PAN1 ChrIX : 369905 - 365463 1480aa 177aa (1303-1480) 
PRP11 IX : 376476 - 375676 265aa 87aa (50-136) 
PYC2 II : 662206 - 658664 1180aa 102aa (1079-1180) 
RAD1 XVI : 506693 - 509995 1100aa 111aa (989-1100) 
RCR1 II : 245867 - 246508 213aa 99aa (115-213) 
ROK1 VII : 182394 - 184088 564aa 113aa (450-564) 
RPB4 X : 150659 - 151324 221aa 123aa (99-221) 
RPB8 XV : 761265 - 760825 146aa 146aa (1-146) 
RTT107 VIII : 402967 - 406179 1070aa 192aa (724-915) 
RVB2 XVI : 103232 - 104647 471aa 87aa (384-471) 
SLM1 IX : 169638 - 167578 686aa 110aa (577-686) 
SRP1 XIV : 284256 - 285884 542aa 247aa (296-542) 
SRP14 IV : 292780 - 293220 146aa 27aa (120-146) 
SSE2 II : 575953 - 573872 693aa 126aa (569-693) 
SSO2 XIII : 627807 - 626920 295aa 134aa (43-176) 
TUF1 XV : 684030 - 685343 437aa 240aa (179-418) 
UIP4 XVI : 195425 - 194511 304aa 233aa (63-297) 
VTC2 VI : 131804 - 134290 828aa 76aa (554-629) 
YNL010W XIV : 613631 - 614356 241aa 165aa (77-241) 
YPR013C XVI : 585580 - 584627 317aa 191aa (127-317) 




the histones are located the C-terminus or middle parts of the proteins. The length of 
the fragments ranges from 23 to 247 amino acids. This information is quite useful for 
the precise mapping of protein-interaction domains in future work. Table 2.3 also 
shows that the candidate genes distribute randomly among the 16 chromosomes of 
yeast suggesting no bias of chromosome in the screens.  
Physically interacting proteins are often functionally related, thus the known 
functions of the histone-interacting proteins would help to uncover the functions of 
histones and vice versa. Additionally, the co-localization of two proteins would 
support their physical interaction. The function, the intracellular localization and other 
interesting information about the histone-interacting candidates were searched from 
the yeast database, Sacchromyces Genome Database (SGD), and are listed in Table 
2.4. Among the 37 candidates, 13 are expressed from essential genes, without which 
yeast is inviable. Nine of the essential candidate proteins are localized in nucleus. 
Rpb8p is a subunit of RNA polymerase II. Bur6p and Rvb2p are involved in 
transcription regulation. Kri1p and Nop4p are required for ribosome biogenesis. 
Cus1p and Prp11p are RNA-binding proteins involved in RNA splicing. Srp1p is a 
protein carrier, which might be involved in the nucleocytoplasmic transportation of 
histones. Rok1p is an RNA helicase required for 18S rRNA synthesis. The 
localization of these candidate proteins are basically consistent with that of histones 
suggesting that they are highly possible to interact with histones in yeast cells. The 
functions of these histone-interacting candidates indicate that histones may not only 
be involved in the process of RNA Polymerase II transcription but also play a role in 
mRNA splicing, rRNA synthesis, ribosome biogenesis and DNA repair. 
There were 24 non-essential candidates isolated from the libraries. Ten of them 
exist in the nucleus. Paf1p is a transcription elongation factor and the PAF1 complex 
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is required for recruitment of COMPASS complex, which is able to methylate histone 
H3 of the activated chromatin (Krogan et al., 2003; Wood et al., 2003). Rpb4p is the 
fourth largest subunit of RNA polymerase II. Rad1p is a single-stranded DNA 
specific endodeoxyribonuclease involved in DNA repair (Tomkinson et al., 1993; 
Guzder et al., 2006). Rtt107p is involved in chromatin silencing (Andrulis et al., 2004) 
and DNA repair (Roberts et al., 2006). Fun30p is related to chromosome organization 
(Ouspenski II et al., 1999). Fourteen candidates have not been found in the nucleus 
and they are involved in a variety of biological processes. About half of the non-
essential candidates are of unknown function. Two of them, Ynl010wp and Ypr013cp, 
are hypothetical uncharacterized ORFs. The different localizations and difference in 
biological functions are not necessarily conflicting with the interactions of candidates 
with histones because the cellular localizations of some proteins are not fixed, for 
example the cytoplasm-nucleus translocation of the transcriptional activators Gln3p, 
Rtg1p and Rtg3p (Crespo et al., 2002). In a recent report, the mitochondria protein 
Nuc1p was also found to translocate into the nucleus and to associate with chromatin 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.4.1 Histone-interacting proteins may be involved in various biological processes 
including the regulation of transcription 
With the help of the split-ubiquitin system, 34 novel histone-interacting 
candidates were isolated with histones H1, H2B, H3 and H4 from yeast genomic 
libraries. The histone-interacting candidates isolated in this project can be classified 
into six groups based on their functions (Table 2.5). The first group includes proteins 
involved in RNA polymerase II transcription, which are also the most interesting 
candidates in this project. The second group includes proteins involved in DNA 
damage repair. The third group includes proteins involved in chromosome 
organization and biogenesis. And the fourth group includes proteins involved in 
rRNA and ribosome synthesis. Their interactions with histones are reasonable because 
all these four groups use chromatin DNA as their functional target and histones were 
also found to play a role in the processes of transcriptions mediated by RNA 
polymerase I and II and DNA repair (Botuyan et al., 2006, Harvey et al., 2005, Utley 
et al., 2005, Zhou et al., 2006).  
 
Table2.5 Classification of histone-interacting candidates basing on their functions   
 
Gene Name  Protein description 
BUR6, PAF1, RPB4, RPB8, RTT107, 
RVB2 RNA polymerase II transcription  
 RAD1, RPB4, RTT107 DNA damage repair 
FUN30 Chromosome organization and biogenesis 
SRP1, SSE2, NUP53 Nucleo-cytoplasmic transport 
NOP4, ROK1, KRI1 rRNA or ribosome synthesis 
CUS1, PRP11 mRNA splicing 
CDC3, PAN1, PAM1, RCR1, SLM1 Related to cytoskeleton or cell wall structure 
SRP14, SSO2, ADD37, ACP1, ATC1, 
DAP1, DID4, GRE1, PYC2, TUF1 
UIP4,VTC2, ZRG8, JJJ3, YNL010W, 
YPR013C 




The splicing of mRNA was suggested to occur cotranscriptionally, but how 
these two processes are coordinated is not very clear yet. One model is the 
recruitment of splicing factors to the elongating RNA polymerase II through RNA-
dependent interactions (Li et al., 2005, Listerman et al., 2006). The splicing factors 
Cus1p and Prp11p were found to be histone-interacting candidates in this project. The 
interactions between histones and Cus1p/Prp11p may bridge or stabilize the coupling 
of these two processes.  
In addition, some membrane or cytoplasmic proteins involved in nucleo-
cytoplasmic transport, cytoskeleton structure and other various biological processes 
were also isolated in the screens. This result may indicate that these histone-
interacting proteins may translocate into the nucleus under certain conditions and 
transiently interact with the histones there. 
It is worth to note that there are two uncharacterized proteins, Ynl010wp and 
Ypr013cp, in the list of histone-interacting candidates. The cellular localization of 
Ypr013cp is not known yet but it was predicted to be a zinc-finger protein based on its 
amino acid sequence (Bohm et al. 1997). The Zinc-finger is a DNA-binding motif and 
it often appears in transcription factors. Its interaction with histones might suggest 
that Ypr013c is a nuclear protein involved in transcriptional regulation. Ynl010wp 
was observed in both nucleus and cytoplasm (Huh et al., 2003) and it is similar to 
phosphoserine phosphatases. Ynl010wp might dephosphorylate serine residue of 
histone whose phosphorylation could be important for transcription, DNA repair, 
apoptosis and yeast sporulation regulation (Labrador and Corces, 2003; Nakamura et 
al., 2004; Ahn et al., 2005; Krishnamoorthy et al., 2006 ).  
Histones are highly conserved during evolution and compose the majority of the 
nuclear proteins, which indicates that the functions of histone should be very 
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important. Recent studies demonstrated that histones are not only scaffold proteins but 
they are also involved in several biological processes using chromatin DNA as 
template. In agreement with histone function, the candidates obtained from the library 
screens were also functionally diverse as summarized in Table 2.5. However, in this 
project, further study will focus on candidates that might be related to transcriptional 
regulation and histone modification. 
 
2.4.2 Comparisons of the library screening results with previously reported data 
On the SGD website, there have been more than two hundreds proteins reported 
to interact with the five histones by different research groups, whereas among the 37 
histone interacting-candidates isolated with H1, H2B, H3 and H4, only three proteins, 
Kri1p, Nop4p and Rvb2p, were recorded in the SGD. The difference of our screening 
results with the data base may be due to different methods used by different groups 
(Ho et al., 2002; Gavin et al., 2006). In addition, protein interaction patterns may 
change in response to the different external conditions. In the library screens 
performed in the project, yeast cells were culture at 28°C on synthetic dropout plates, 
therefore, only proteins interacting with histones under this condition will be isolated. 
One limitation of the split-ubiquitin system used in this project is that the libraries 
were constructed with partially Sau3A-digested genomic DNA. If the coding 
sequence of a small histone-binding protein contained no Sau3A site, the histone-
interacting protein would be missed in the screens. The histones themselves, for 
example, interacted with each other when directly tested in the split-ubiquitin assay. 
However, the genes encoding the histones do not contain Sau3A sites and the histones 
were not isolated from the screen thus. 
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Some transcription factors have recently been identified to interact with 
specifically modified histones, for example, Gcn5p binds to acetylated histone H3 
through its bromodomain (Hassan et al., 2007), whereas none of the candidates 
isolated in the library screens contains a bromodomain, chromodomain, double tudor 
domain or PHD domain which are known to bind to specifically modified histones 
(Kasten et al., 2004; Joshi and Struhl, 2005; Pray-Grant et al., 2005; Huang et al., 
2006; Martin et al., 2006; Li et al., 2006). This might be because of the property of 
the reporter protein used in this split-ubiquitin system. RUra3p converts FOA to toxic 
fluorouracil so that yeast cells containing RUra3p cannot survive on FOA plates. As 
in yeast cells only a small portion of the histones are modified at a particular residue, 
the interaction of a protein binding to a particular histone modification with the 
specifically modified histone would be concealed by the majority of the unmodified 
form of histone-Cub-RUra3p. This is because an interaction between the Nub-fused 
protein, which interacts specifically with a modified histone, and the minority of 
modified histone-Cub-RUra3p will not be detectable as the majority of the unmodified 
histone-Cub-RUra3p is still stable and will kill the yeast cells on the FOA plate.  
As in all high throughput systems, false positive artifacts are an inevitable 
problem of the split-ubiquitin system as well. To get rid of false positive candidates, it 
is necessary to determine the protein-protein interactions with additional experimental 
methods. Thus, in the next chapter, further examination of the physical interactions 
















Interactions of Paf1p, Rpb4p and Ynl010wp with the 
Core Histones and the Transcriptional Functions of 




One objective of this project was to study the transcriptional functions of 
histones and histone-interacting proteins, therefore, to narrow down the list of 
histone-interacting candidates which are worth of further study and to explore their 
transcriptional functions, the transcription-related growth phenotypes of strains 
expressing N-terminally truncated histones and strains deleted for the genes encoding 
the histone-interacting candidates were tested and compared. 
The histone-interacting candidates isolated by library screening were protein 
fragments. In order to confirm the physical interactions between the full-length 
proteins and the core histones, additional in vivo and in vitro evidence was necessary. 
In this chapter, the split-ubiquitin system was utilized again to examine the in vivo 
interactions and GST pull down assay was applied to determine the in vitro 
interactions. 
Three full-length candidates, Paf1p, Rpb4p and Ynl010wp, were demonstrated 
to interact with histones H2B and H2A, respectively. The phenotype testing also 
showed that these proteins were required for yeast growth on 3-AT plates, which 
indicates their involvement in the activation of the HIS3 gene. However, the 3-AT 
sensitive phenotype is only an indirect evidence for the defect of HIS3 gene 
transcription. To confirm their importance for the activation of the HIS3 gene, mRNA 
levels of HIS3 in wild type and mutant strains were measured with reverse 
transcription and quantitative real-time PCR. Additionally, to understand whether the 
effect of Paf1p, Rpb4p and Ynl010wp on HIS3 transcription was mediated by the 




To explore the mechanism by which Paf1p, Rpb4p and Ynl010wp affect the 
transcription of the HIS3 gene, the association of Paf1p, Rpb4p and Ynl010wp with 
the HIS3 gene was determined by chromatin-immunoprecipitation (ChIP). At the 
same time, the ubiquitination of H2B, which is important for gene transcription, was 




3.2 Materials and Methods 
3.2.1 Yeast strains and plasmids 
 
Yeast strain Genotype 
BY4741 MATa; his3∆1; leu2∆0; met15∆0; ura3∆0 
BY4742 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0 
BY4742 ∆W∆HTA1/2 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0, trp1∆, HTA2:: kanMX4, HTA1::HIS3; Pact316-HA-HTA1 
BY4742 ∆W∆HTB1/2 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0, trp1∆, HTB2:: kanMX4, HTB1::HIS3; Pact316-HA-HTB1 
BY4742 ∆W∆HHT1/2 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0, trp1∆, HHT2:: kanMX4, HHT1::HIS3; Pact316-HA-HHT1 
BY4742 ∆W∆HHF1/2 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0, trp1∆, HHF2:: kanMX4, HHF1::HIS3; Pact316-HA-HHF1 
BY4742∆NUP53 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; NUP53:: kanMx4 
BY4742∆ZRG8 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; ZRG8:: kanMx4 
BY4742∆RPB4 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; RPB4:: kanMx4 
BY4742∆YPR013C MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; YPR013C:: kanMx4 
BY4742∆ATC1 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; ATC1:: kanMx4 
BY4742∆SSE2 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; SSE2:: kanMx4 
BY4742∆GRE1 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; GRE1:: kanMx4 
BY4742∆PAF1 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; PAF1:: kanMx4 
BY4742∆RTT107 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; RTT107:: kanMx4 
BY4742∆SLM1 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; SLM1:: kanMx4 
BY4741∆YNL010W MATa; his3∆1; leu2∆0; met15∆0; ura3∆0; YNL010W:: KanMx4 
 
Note: Histone deletion strains were generated by homologous recombination. The null 
mutants of histone-interacting candidates were purchased from Euroscarf. 
 
Plasmids 







2. Plasmids for GST pull down 
pGEX-5X-1-HTA1, pGEX-5X-1-HTB1, pGEX-5X-1-HHT1, pGEX-5X-1-HHF1. 
pGEX-5X-1-RPB4, pGEX-5X-1-RPB8, pGEX-5X-1-PAF1, pGEX-5X-1-BUR6, 
pGEX-5X-1-YNL010W. 
PACNX-NubIBC3-RPB4, PACNX-NubIBC3-RPB8, PACNX-NubIBC3-PAF1, 
PACNX-NubIBC3-BUR6, PACNX-NubIBC3-YNL010W. 
pET11a-HTA1, pET11a-HTB1, pET11a-HHT1. 
pET11a-RPB4, pET11a-RPB8, pET11a-PAF1, pET11a-BUR6, pET11a-YNL010W. 
3. Plasmids for phenotype examination 
YCplac111-HTA1*, YCplac111-HTB1*, YCplac111-HHT1*, YCplac111-HHF1* 
YCplac111-HTA1∆1-19, YCplac111-HTB1∆1-29, YCplac111-HHT1∆4-27, 
YCplac111-HHF1∆1-19 
PactT316-HA-HTA1*, PactT316-HA-HTB1*, PactT316-HA-HHT1*,  
PactT316-HA-HHF1* 
4. Plasmids for Gcn4p labeling 
RS304-Gcn4c-myc9 
5. Plasmids for ChIP assay 
RS314-PRPB4-RPB4-MYC9; RS314-PPAF1-PAF1-MYC9;  
RS314-PYNL010W-YNL010W-MYC9 
6. Plasmids for yeast strain modifications 
RS304-GCN4c-MYC9, NKY1009 (Alani et al., 1987), pUC8-HIS3*, pUC8-HIS3-
PThta1*, pUC8-HIS3-PThtb1*, pUC8-HIS3-PThht1*, pUC8-HIS3-PThhf1*.  
Note: * indicates that these plasmids were constructed by my supervisor Dr. Norbert Lehming. 
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3.2.2. Experimental procedures 
 
3.2.2.1 Modification of yeast strains 
1. TRP1 gene knockout with the NKY1009 construct  
Trp+ yeast strains were transformed with linearized (digested with EcoRI and 
BglII) plasmid NKY1009 (a TRP1 knockout plasmid in which the hisG-URA3-hisG 
cassette is flanked by TRP1 sequences) and spread on selective plate SC/-uracil. After 
3 days incubation at 28°C, single colonies were picked and streaked on SC/-Ura and 
SC/-Ura-Trp plates to select Trp-Ura+ colonies. For the strains, which grew on the 
SC/-Ura plate but not on the SC/-Ura-Trp plate, single colonies were picked and 
inoculated into YPDA media and cultured until OD600nm reached 1.0. Yeast cells were 
spread on a FOA-containing plate and incubated at 28°C for 3 days. Single colonies 
were picked and streaked on SC/+FOA, SC/-Ura and SC/-Trp plates. The colonies 
that grew on the FOA-containing plate but not on the SC/-Ura and SC/-Trp plates 
were kept for use. 
2. Histone genes knockout through homologous recombination and the 
introduction of the N-terminally truncated histone genes 
There are two copies of each core histone gene, and the double deletion of these 
two copies is lethal to yeast. Therefore, before knocking out the histone gene, a 
plasmid, PactT316-histone1, which carried a wild type histone gene and the URA3 
selective marker, was introduced into the yeast BY4742 in which the second copy of 
the histone gene, HTA2, HTB2, HHT2 or HHF2, had been deleted. Then the linerized 
DNA pUC8-HIS3-PThistone1 (digested with EcoRI and SalI), in which the HIS3 
gene was flanked with the promoter and terminator sequences of the first copy of the 
respective histone gene, was integrated into the yeast genome and thereby knocked 
out the histone gene via homologous recombination of the sequences of the histone 
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promoter and terminator. The histone gene knockout strains were selected on SC/-His 
plates. Confirmation of histone gene knockout was achieved via the defective growth 
phenotype on FOA plate (PactT316-histone plasmid was indispensable) and PCR 
assay of the yeast genomic DNA. In order to generate histone mutant strains and to 
investigate the phenotypes, the plasmid shuffle strategy was applied in this project. 
Firstly, LEU2-marked plasmid YCplac111, which carried the N-terminally truncated 
histone gene, was transformed into the histone gene deletion strain. Then the yeast 
cells were cultured in SC/-Leu broth and spread on a FOA plate to remove the URA3-
marked plasmid PactT316-histone1.  
3. HIS3 gene repair with the pUC8-HIS3 construct 
The BY4742 wild type and mutant strains used in this study were originally 
HIS3-deleted. To investigate the influences of histones and histone-binding proteins 
on HIS3 gene activation, the genomic HIS3 gene had to be repaired. To achieve this 
purpose, integrative plasmid pUC8-HIS3 was digested with EcoRI and SalI. Then the 
linerized DNA was transformed into yeast cells. The transformants were selected on a 
SC/-His plate. The repair of the HIS3 gene was confirmed by the survival of the yeast 
on the histidine-lacking plate. 
 
3.2.2.2 Construction of plasmids 
1. Nub fusions of full-length candidates 
The full-length histone-interacting candidate genes were amplified by high 
fidelity PCR reactions (Roche) using BY4742 genomic DNA as templates. The PCR 
fragments were digested with BamHI and NotI (RPB4, RPB8, PAF1 and BUR6) or 
SalI and NotI (SLM1 and YNL010W). The vector PACNX-NubIBC3 was digested 
with the same enzymes as the PCR fragments. Ligation of the digested PCR 
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fragments with vector was catalyzed by T4 DNA ligase (Roche). The correct clonings 
were confirmed with cycle sequencing using Bigdye kit (PE biosystem). 
2. GST fusions of full-length histones and histone-interacting candidates 
The histone genes and histone-interacting candidate genes were amplified by 
high fidelity PCR using the corresponding PACNX-NubIBC plasmids as templates. 
The PCR fragments and the vector pGEX-5X-1 (Amersham Pharmacia) were digested 
with the same combinations of restriction endonucleases and ligated with T4 DNA 
ligase. 
3.   His6-HA fusions of full-length histones and histone-interacting candidates 
The histone genes and histone-interacting candidate genes were subcloned from 
the corresponding PACNX-NubIBC plasmids. The primers used for PCR were 
5’NdeI-His6-HA and primer 1995. The PCR fragments and the vector pET11a 
(Invitrogen) were digested with NdeI and NotI and ligated with T4 DNA ligase. 
4. Cub-RUra3p fusions of full-length candidates 
Full-length ORFs of RPB4, PAF1 and YNL010W with their endogenous 
promoters were cut from the respective RS314-MYC9 constructs with NotI and SalI. 
The vector RS314-Cub-RUra3 was cut with the same enzymes. Ligation reactions 
were performed with T4 DNA ligase. In the RS304-SLM1c-MYC9 construct, the 
MYC9 coding sequence was removed with Acc651, SalI and replaced with Cub-
RUra3p coding sequences cut from vector RS314-Cub-RUra3 with Acc651, SalI and 
NotI. To linearize this integrative plasmid and extend the genomic SLM1 gene with 
Cub-RUra3, it was cut with BglII before being introduced into the yeast BY4742∆W. 
5. The truncated histones expressed from their endogenous promoters 
To clone the truncated histone genes, a two-step PCR strategy was applied as 
summarized in Figure 3.1. In the first step, the promoter region and the N-terminally  
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truncated ORF plus terminator regions were amplified, respectively, with wild type 
YCplac111-histone plasmids as templates. In the second step, the highly diluted PCR 
products of the first step were mixed and used as template. The 5’primer of the 
promoter region and the 3’ primer of the terminator region were used in the second 
PCR step. The annealing temperature of the PCR was set at 37°C for 3 cycles then 
increased to 50°C for another 22 cycles. The products of the second PCR step were 










Promoter                                        ORF             Terminator P1 P3
P2 P4
Histone g
The N-terminal coding 
sequence to be skipped
First step PCR 
Reaction tube 1 with primer P1+P2 Reaction tube 2 with primer P3+P4 
P1 
P4
Second step PCR 
3 cycles 
22 cycles 
Figure 3.1 The principle of two-step PCR 
To truncate the N-terminal sequence of histone gene, the primers P2 and P3 were designed as a 
30bp fusion of the promoter (green color, 15bp) and ORF (orange color, 15bp) skipping the 
truncated region (orange strip). The two first-step PCR reactions were performed with P1, P2 and 
P3, P4, respectively, with the full-length histone genes as templates. The second-step PCR was 





The GCN4 gene was amplified with primers Bgl Gcn4 and 3’Gcn4 SalIgo using 
plasmid PACNX-NubIBC3-Gcn4 as template. The PCR product was cut with DraI 
and SalI; the vector RS304-myc9 was cut with SmaI and SalI. The cut GCN4 
fragment and vector were ligated with T4 DNA ligase. The correct insertion was 
confirmed with sequencing. To integrate the myc9-tagged GCN4 DNA into the yeast 
genome, the plasmid was linerized with the enzyme MluNI before being transformed 
into yeast and the transformants were selected with the TRP1 marker. The correct 
integration was confirmed with Western blot. 
7. Myc9 fusions of full-length candidates  
To express the histone-interacting candidates from their endogenous promoters, 
the promoter plus ORF sequences of the candidate genes were amplified with high 
fidelity PCR kit (Roche) using BY4742 genomic DNA as template. The PCR 
fragments were digested with PstI and SalI, restriction endonuclease sites generated 
through the cloning primers. To add a myc9 tag to the C-terminus of the candidates, 
the stop codon of the candidate genes were skipped when the 3’primers were designed. 
The PCR fragments were inserted into the vector RS314-myc9 with T4 DNA ligase. 
 
3.2.2.3 Western blot assay 
Denatured SDS-PAGE was used to separate protein samples. The proteins were 
subsequently transferred to a membrane (Biorad) using a semidry transfer. The 
membrane was blocked with 25 ml of Tris, pH 7.4 buffer containing 5% slim milk at 
room temperature for 1 hr. Then 10 ml of TBST buffer containing 5% slim milk and 
1:10,000 diluted primary antibody was added to the membrane and incubated at 4°C 
overnight. The membrane was washed for 15 min, three times, with TBST buffer. 
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Then 10 ml of 1:10,000 diluted HRP-conjugated secondary antibody was applied. The 
membrane was washed with TBST three times and the signal was detected with ECL 
(Amersham). 
 
3.2.2.4 GST pull down assay 
 
For the examination of indirect protein-protein interactions, GST-fusions of 
histones or histone-interacting candidates were expressed in E.coli BL21 and HA-
tagged histones or histone-interacting candidates were expressed in the yeast BY4742. 
For the examination of direct protein-protein interactions, both GST-fusions and HA-
tagged proteins were expressed in E.coli BL21. To perform GST pull down, 100 µl of 
E. coli extracts containing the GST fusion were incubated with 20 µl of glutathione 
beads (Pharmacia Biotech) for 2 hours at 4°C. After 3 times wash with 1 ml of PBS 
buffer, 200 µl of yeast extracts or E. coli extracts containing HA-tagged protein were 
added and the mixture was incubated for another 2 hours at 4°C. After 6 times wash 
with PBS, beads were resuspended with 30 µl of PBS buffer and subjected to Western 
blot. The membrane was blotted with monoclonal anti-HA antibody and then 
reblotted with polyclonal anti-GST antibody. 
 
3.2.2.5 Yeast mating assay 
 
Yeast mating assays were performed to determine the effect of gene mutations 
on the repression of the mating type genes. Wild type yeast BY4741 (Mata, met15∆0) 
was crossed with wild type or mutated BY4742 (Matα, lys2∆0) on a YPDA plate. 
After 10 hours incubation at 28°C, yeast cells were scraped from the YPDA plate, 
diluted with sterile water and titrated on three types of plates, SC/-Met, SC/-Lys and 
SC/-Met-Lys. These plates were incubated at 28°C for 3 days. In this yeast mating 
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assay, only diploid cells were able to grow on the SC/-Met-Lys plate. The lack of 
growth on the SC/-Met-Lys plate indicated deficiency of yeast mating, which 
indicated the loss of silencing of the a-specific genes in the mutated BY4742 strain. 
 
3.2.2.6 Reverse transcription and quantitative real time PCR 
Culture of yeast cells  
1. Inoculate the HIS3+ yeast strain in 4 ml of synthetic complete glucose (SC) 
broth, culture at 28°C overnight. Then amplify the culture volume to 100 ml 
and further culture to OD600nm reached 0.9-1.0.  
2. Separate the culture into two 50 ml falcon tubes, spin down the cells and wash 
the cell pellet once with 1 ml of sterile water. Keep the cell pellet in one tube 
at -20°C. Resuspend the cell pellet in the other tube with 50 ml of SC/-His 
media containing 100mM 3-AT. Further culture at 28 °C for 30 min to induce 
the HIS3 gene before harvest.   
Isolation of total RNA 
Isolate total RNA with the RNeasy Mini Kit (Qiagen) following the instruction 
of the kit. Measure OD260nm to calculate RNA concentration and measure 
OD280nm to estimate the purity of the sample. Run electrophoresis in agarose gel 
to determine the integrity of RNAs. 
Digestion of DNA contaminant  
1. Digest DNA contaminant in the total RNA sample with DNA-free DNase I kit 
(Ambion). Total reaction volume is 34 µl, containing 3.4 µl of 10-fold buffer, 
1 µl of DNase I, and the concentration of total RNA is about 200 ng/µl. 
Incubate the sample at 37°C for 1 hour. 
2. Add 1 µl of DNase I, and incubate for another 1 hour. 
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3. Add 3.5 µl of DNase inhibitor, mix by taping the bottom of the Eppendorf 
tube. Incubate at room temperature for 2 min.  
4. Centrifuge the Eppendorf tube at 13,000rpm for 1 min and then transfer the 
supernatant to a new Eppendorf tube.  
5. Use 2 µl of the DNA-free total RNA as template to run a 40-cycle PCR to 
confirm that there is no detectable DNA contamination.  
Reverse transcription 
1. In 30 µl volume, add 3 µl of DNA-free total RNA. 
2. Other components of the reaction and the RT program were applied according 
to the instruction of TaqMan® MicroRNA Reverse Transcription kit (Roche 
Applied Biosystems) 
3. Use 2 µl of cDNA as template to run a 35-cycle PCR to confirm the quality of 
cDNA. 
Quantitative real time PCR 
1. In 25 µl volume, 5 µl of cDNA was used for the HIS3 gene and the reference 
ACT1 gene, 1 µl of cDNA was used for the reference 18S rRNA gene. 
2. Primer concentration for HIS3 was 150 nM, and the concentration for ACT1 
and 18S rRNA was 120 nM. 
3. FastStart SYBR Green Master kit (Applied Biosystems) was used for DNA 
amplification and detection. 
4. Standard real-time PCR program of PE7000 system was used.  
5. For data analyzing, the baseline was calculated based on either cycle 2-5 for 





3.2.2.7 Examination of Gcn4p protein level 
Linerized RS304-Gcn4c-myc9 plasmid was transformed into yeast to label 
endogenous Gcn4p with the myc9 tag. Yeast cells expressing Gcn4-myc9p were 
cultured at 28°C in 4 ml of SC broth to OD600nm = 0.8-1.0 before being precipitated 
and washed with sterile water. Half of the cells were kept at -20°C, and the other half 
was resuspended in 2 ml of SC/-His media containing 100 mM 3-AT and further 
cultured for 1 hour. Gcn4p protein was examined by Western blot using anti-myc 
antibody. As loading control, a SDS-PAGE loaded with equal amount of cells was 
performed in parallel and stained with coomassie blue. 
 
3.2.2.8 Chromatin immunoprecipitation (ChIP) assay  
Culture of yeast cells 
1. Inoculate yeast cells in 4 ml of SC/-Trp broth, culture at 28°C overnight. Then 
amplify the culture volume to 100 ml and further culture to OD600nm = 0.9-1.0.  
2. Carry out cross-link for 50 ml of the culture. Spin down the other 50 ml of the 
culture and wash the pellet with 1 ml of sterile water. Resuspend the cell pellet 
with 50 ml of SC/-His media containing 100 mM 3-AT and further culture for 
30 min before cross-link. 
Cross-link of DNA-proteins 
1. Add 1.25 ml of 37% formaldehyde to 50ml of culture broth (final 
concentration is 1%), incubate for 15 min at 28°C. 
2. Spin down cells and wash cell pellet with 1 ml of sterile water. Transfer cell 




Preparation of chromatin sonicates 
1. Resuspend cell pellet with 400 µl of yeast lysis buffer containing 1 mM of 
PMSF and 1 mM DTT. Add in 400 µl of glass beads. Use bead beater to beat 
cells for 3 min, and then place the tube on ice for 1 minute. Repeat beating 5-6 
times. 
2. Transfer cell lysate to a 1.5 ml Eppendorf tube. Spin the tube for 15 min at 
13,000 rpm at 4°C and discard the supernatant. Add 400 µl of yeast lysis 
buffer containing 1 mM of PMSF and 1 mM DTT to resuspend the pellet. 
3. Place the bottom of the Eppendorf tube in ice water and sonicate the sample 
for 30 seconds, 3 times, with 1 min interval.  
4. Centrifuge the tube at 13,000rpm for 30 min at 4°C. Transfer the supernatant 
to a new tube and keep it at -80°C. 
Examination of DNA size and concentration 
1. Reverse cross-link: Take 50 µl of the sonicates, add 150 µl of pronase working 
solution (0.1M Tris, pH7.5, 0.5% SDS), and then add 10 µl of pronase 
(20µg/µl, Sigma). Incubate at 42°C for 2 hours then at 65°C for 6 hours.  
2. Extract DNA: Add 200 µl of yeast breaking buffer, 400 µl of 
phenol/chloroform (5:1), and mix with vortex for 1 min. Centrifuge for 10 min 
then transfer the top layer to a new tube. Add 1 ml of absolute ethanol to 
precipitate DNA. Resuspend DNA with 400 µl of 0.3 M NaAc then add 1 ml 
of ethanol and centrifuge again. Wash DNA pellet with 75% ethanol once. Dry 
sample with speed-vacuum. Add 40 µl of sterile water to dissolve DNA. 
3. Load 20 µl of the sample on a 2% agarose gel to check DNA size. It should be 
100-600 bp; the average size should be around 300 bp for the ChIP assay of 
the HIS3 gene. 
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4. Measure OD260nm to estimate the chromatin DNA concentration. 
Immunoprecipitation and PCR 
1. Take chromatin solution which contains 50 µg of DNA (about 50 to 100 µl) to 
an Eppendorf tube and top up to 500 µl with yeast lysis buffer then incubate 
with 4 µl of anti-myc antibody-conjugated beads in the cold room for 2 hours. 
2. Wash beads with 1 ml of buffer for 5 min, 3 times with each of the following 
buffers (yeast lysis buffer, yeast lysis buffer plus 0.5M NaCl, ChIP wash 
buffer and TE buffer). Finally, briefly rinse beads with 1 ml of ChIP elution 
buffer. 
3. Add 100 µl of elution buffer (50mM Tris, pH7.5, 10mM EDTA, 1% SDS). 
Incubate at 65°C for 10 min to elute protein-DNA complex from beads. Spin 
down beads and harvest the supernatant. 
4. Reversal of cross-link and extraction of DNA was performed as described 
above. 
5. PCR: 2 µl of DNA was used as template in a 50 µl PCR reaction. The PCR 
was run for 40 cycles. The PCR products were concentrated to about 20 µl 
with Speed-vacuum before being analyzed with a 2% agarose gel.  
 
3.2.2.9 Culture of yeast cells on plate  
Yeast cells were cultured at 28°C in 5 ml of SC broth to OD600nm = 0.8-1.0 
before being precipitated and washed once with sterile water. The cell pellet was 
resuspended in 100 µl of sterile water and then ten-fold serial diluted with sterile 
water. Diluents were dotted on SC and SC/-His 50mM 3-AT plates and incubated at 
28°C for 4 days. Cells from the different diluents were harvested separately and 
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washed once with 1 ml of sterile water. Cell pellets were stored at -80°C for Western-
blot, Real-time PCR and ChIP assays.  
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3.3    Results 
3.3.1 Transcription-related growth phenotypes of the core histone mutants and 
the mutants of certain histone-interacting candidates 
3.3.1.1    Growth phenotypes of the N-terminally truncated histone mutants  
The posttranslational modifications of the core histones, which frequently occur 
in their N-terminal tails, play an important role in the regulation of transcription. The 
histone N-terminal tails are not essential for yeast survival whereas double deletion of 
the two copies of the core histone genes in yeast genome is lethal (Johnson et al., 
1990; Wan et al., 1995). To explore the effect of histones on transcriptional regulation, 
investigation of the growth phenotype of N-terminally truncated histone mutants 
could provide some evidence. In this project, the genomic histone genes were 
knocked out by homologous recombination and then a plasmid-borne N-terminally 
truncated histone gene was introduced into the histone deletion strain with the plasmid 
shuffle method. These histone-mutated yeast strains were titrated onto different plates 
to test for temperature-sensitivity (TS) and defects in GAL gene activation, HIS3 gene 
activation, transcription elongation and yeast mating. 
As shown in Figure 3.2A, the N-terminally truncated histone mutants grew quite 
well when cultured at 28°C (left panel, lane 2, 4, 6 and 8) whereas the mutants of 
histone H2A, H3 and H4 were sick at 37°C (right panel, lane 2, 6 and 8). These 
results suggested that the N-terminal tails of histone H2A, H3 and H4 were required 
for yeast to grow at high temperature, although the N-terminal tails were not vital for 
yeast growth on rich media at the permissive temperature. In yeast genome, the heat 
shock genes need to be activated when yeast is cultured at high temperature. Thus, the 
TS phenotype of H2A, H3 and H4 mutated strains raise the possibility that histone 
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Figure 3.2 Transcription-related growth phenotypes of the N-terminally truncated histone
mutants 
Yeast BY4742 mutant cells expressing N-terminally truncated histone as indicated on the left of
the panels were 10-fold serial diluted then spotted onto control plates and phenotype-testing
plated as indicated on the top of the panels. Plates, except those used for the temperature
sensitivity testing, were incubated at 28°C for 3 days.  
A. N-terminal truncations of histone H2A, H3 and H4 resulted in defective growth at 37°C. Yeast
expressing N-terminally truncated histones were titrated onto YPDA plates and incubated at
28°C or 37°C for 3 days to test temperature sensitivity. Yeast expressing wild type histones
served as controls.  
B. N-terminal truncations of histone H2B and H4 resulted in sensitivity to antimycin A. Yeast
expressing the N-terminally truncated histones were titrated onto glucose and glucose +
amtimycin A (0.01 µg/l) plates. Yeast deleting GAL4 and yeast expressing wild type histones
served as controls. 
C. N-terminal truncation of histone H4 resulted in sensitivity to 3-amino triazole. Yeast expressing
the N-terminally truncated histone H4 was titrated onto SC/-his and SC/-his + 3-AT (50 mM)
plates. Yeast deleting GCN4 and yeast expressing wild type histones served as controls.  
D. N-terminal truncation of histone H4 resulted in sensitivity to 6-azauracil. Yeast expressing the
N-terminally truncated histone H4 was titrated onto SC/-uracil or SC/-uracil + 6-AU (10 mM)
plates. Yeast expressing the wild type histones served as control.  
E. N-terminal truncation of histone H4 caused defect in yeast mating. Yeast BY4742 expressing the
N-terminally truncated histone H4 was crossed with wild type BY4741 on YPDA plate for 10
hours before being 10-fold serial diluted and spotted onto SC/-Trp, SC/-Met and SC/-Trp-Met
plates. Yeast BY4742∆TUP1 and BY4742 expressing the wild type histones served as controls. 
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The growth phenotypes of these histone mutants on galactose plates were also tested 
since the transcription of GAL genes are regulated by carbon source. The GAL genes 
will be activated by the transcriptional activator Gal4p when yeast uses galactose as 
the sole carbon source. The presence of antimycin A in the culture media will make 
the activation of the GAL genes essential, as antimycin A blocks respiration by 
inhibiting the cytochrome C reductase in the mitochondrion, and the yeast has to 
upregulate the GAL genes in order to be able to utilize sufficient galactose for 
anaerobic growth. Therefore, deletion of GAL4 resulted in yeast growth defect on 
antimycin A plate (Figure 3.2B, right panel lane1). Similar to the GAL4 deletion 
mutant, the N-terminal truncation of histone H2B and H4 caused a growth defect on 
antimycin A (AA)-containing galactose plates (Figure 3.2B, right panel, lane 5 and 9). 
This phenotype indicates that the N-terminal tails of H2B and H4 are involved in the 
activation of the GAL genes.  
HIS3 is another regulatable yeast gene, which is activated by the transcription 
activator Gcn4p in response to amino acid starvation. To test HIS3 gene activation in 
the histone mutant strains, yeast cells were titrated onto histidine-lacking (SC/-His) 
and histidine-lacking plus 3-amino triazole (SC/-His+3-AT) plates. 3-AT is a 
competitive inhibitor of the HIS3 gene product, imidazoleglycerol-phosphate 
dehydratase, which catalyzes the sixth step in histidine biosynthesis. By a feedback 
mechanism, the presence of 3-AT will further activate the transcription of the HIS3 
gene. The titration results showed that the growth of the N-terminally truncated 
histone H4 mutant was reduced on the 3-AT plate and the phenotype was almost as 
obvious as in the GCN4 deletion strain (Figure 3.2C, right panel, compare lane 9 with 
lane 1), suggesting that the N-terminal tail of histone H4 is important for the 
activation of HIS3 gene. 
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The distribution of nucleosomes along open reading frames raises the question 
whether histones also play a role in the regulation of transcription elongation. Figure 
3.2D shows the phenotype of the histone mutants on SC/-Ura and SC/-Ura+6-AU 
plates. 6-AU (6-aza-uracil) inhibits the nucleotide biosynthesis pathway in yeast, 
leading to a depletion of UTP and GTP, which in turn affects the efficacy of RNA pol 
II during transcriptional elongation (Exinger and Lacroute, 1992). The truncated 
histone H4 mutant grew slightly less on the 6-AU plate compared with the growth on 
the uracil-lacking plate. This result suggests that the N-terminal tail of histone H4 
might be required for transcription elongation.  
Wild type haploid yeast cells with opposite mating types, MATα and MATa, 
will fuse to form diploid cells when they are mixed on rich medium. There are two 
silent mating type cassettes in the yeast genome, HML and HMR, containing the 
regulators of the alpha-specific and the a-specific genes, respectively. In MATα yeast 
cells, regulator Matα2p cooperates with the co-repressor Tup1p to represses the a-
specific genes. Loss of the repression of the a-specific genes will result in defect in 
yeast mating. The haploid of the N-terminally truncated histone H4 mutant (MATα) 
appeared to be deficient for mating with the wild type haploid BY4741 (MATa) as 
shown in Figure 3.2E on SC/-Trp-Leu plate (right panel, lane 9), which was similar to 
the phenotype of the control strain BY4742∆TUP1 (right panel, lane 1). This result 
indicates that, in the H4-mutated BY4742 strain, the a-specific genes were derepressed 
and yeast became sterile. Thus the N-terminal tail of H4 could be involved in the 
silencing of the a-specific genes.  
The phenotypes of histone mutants imply that the N-terminal tails of the 
histones, especially the residues 1-19 of H4, play multiple roles in transcription and 
are important for the activation by Gal4p and Gcn4p, for the transcription elongation 
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and for the repression of the a-specific genes. These findings are basically in 
agreement with the observations published by Grunstein’ group (Johnson et al., 1990; 
Hecht et al., 1995; Fisher-Adams et al., 1995; Wan et al., 1995; Carmen et al., 2002). 
Whereas it was reported that the N-terminus of histone H3 was also involved in the 
regulation of the GAL1 gene (Mann and Grunstein, 1992) and mating locus silencing 
(Thompson et al., 1994), which was not seen in this study. The disagreement may be 
due to strain variation and differences in the deletions of the N-terminal residues. In 
their experiments, the loss of silencing of the mating locus was mainly observed in the 
BY4741 strain and the residues that affected GAL1 gene regulation were residues 4-15 
of the histone H3.  
 
3.3.1.2 Growth phenotypes of the null mutants of certain histone-interacting 
candidates  
As described in chapter 2, 37 histone-interacting candidates were isolated by 
library screening. Some of them were known to be involved in transcription and some 
were of unknown function. To narrow down the list of candidates and to identify 
transcriptional regulatory factors, 11 viable null mutant strains listed in part 3.2.1 
were purchased from EUROSCARF. To correlate the transcriptional functions of the 
histone-interacting proteins to that of histones, the growth phenotypes of the null 
mutant strains were tested with the same methods as the histone mutants. 
Among the 11 tested strains, null mutants of RPB4, PAF1 and SLM1 showed 
temperature-sensitivity at 39°C (Figure 3.3A, right panel, lane 2, 3 and 4), indicating 
their importance for S. cerevisiae to grow at high temperature. The examination on 
galactose plates showed that, in the presence of antimycin A (AA), the null mutants of 
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Figure 3.3 Transcription-related growth phenotypes of the null mutants of certain histone-
interacting candidates 
Yeast BY4742-derived null mutants of the histone-interacting candidate genes were 10-fold serial
diluted then spotted onto control plates and phenotype-testing plated as indicated on the top of the
panels. Examinations of the growth phenotypes were performed as described in Figure 3.2. Wild
type BY4742 was used as control.  
A. Deletion of RPB4, PAF1 and SLM1 resulted in defective growth at 39°C.  
B. Deletion of RPB4 and PAF1 resulted in sensitivity to antimycin A. 
C. Deletion of RPB4, YNL010W, PAF1 and SLM1 resulted in sensitivity to 3-amino triazole.  




9), suggesting that Rpb4p and Paf1p are required for GAL genes transcription. On 3-
AT plates, mutants of RPB4, YNL010W, PAF1 and SLM1 showed reduced growth 
(Figure 3.3C, right panel, lane 1, 5, 9 and 11). This result indicates that these four 
histone-interacting candidates are involved in the transcriptional activation of the 
HIS3 gene. Figure 3.3D shows that deletions of RPB4 (lane 1) or PAF1 (lane 9) lead 
to a growth defect on 6-AU plates, which suggests that Rpb4p and Paf1p are required 
for transcription elongation. The yeast mating efficiency was also tested for the null 
mutants of histone-interacting candidates, but none of them displayed mating 
deficiency, suggesting they are dispensable for the silencing of the a-specific genes. 
The results described in sections 3.3.1.1 and 3.3.1.2 reveal that some histone-
interacting candidates phenocopied certain histone mutations. From their similar 
phenotypes, it could be deduced that the histones and their potential interactors are 
functionally related, which should be relevant to their physical interactions. 
 
3.3.2 Physical interactions between the core histones and their interacting 
candidates Paf1p, Rpb4p and Ynl010wp 
The library used for isolating the histone-interacting partners was constructed 
with Sau 3A randomly digested yeast genomic DNA, thus the isolated potential 
histone interactors were not full-length proteins as described in table 2.2. To test 
whether the full-length candidates with native functions would also interact with the 
core histones, PAF1, RPB4 and YNL010W, mutants of which showed transcription-
related phenotypes (Figure 3.2), were chosen to clone. The in vivo and in vitro 





3.3.2.1 The in vivo interactions between histones and Paf1p, Rpb4p and 
Ynl010wp  
To test the in vivo interactions, the split-ubiquitin system, which is suitable to 
show protein-protein interactions in living yeast cells, was utilized. The full-length 
genes of Paf1p, Rpb4 and Ynl010wp were cloned into vector RS314-Cub-RUra3 to 
express the candidates under their own promoters and to C-terminally extend them 
with Cub-RUra3p. The core histone genes were cloned into PACNX-NubV16A to 
N-terminally tag the histones with NubV16A.  
Before examining the in vivo interactions, the complementation testing was 
performed to confirm that the Nub and Cub fusion proteins are as functional as native 
ones. The results showed that the Cub-RUra3-extended Paf1p, Rpb4p and Ynl010wp 
were functional proteins that complemented the respective native proteins by rescuing 
the growth defects of the corresponding null mutants on 3-AT plates and on plates 
incubated at high temperature (Figure 3.4A, middle panel and right panel, compare 
lane 3 with lane 2, lane 5 with lane 4 and lane 8 with lane 7). NubV16A-fused histones 
were also functional since the NubV16A-tagged histones complemented the native 
histones by kicking out the URA3-marked plasmids, which carry the corresponding 
histone genes, when yeast cells deleted genomic histone genes was cultured on FOA 
plates (Figure 3.4B, right panel, lane 2, 4, 6 and 8).  
 The results of the split-ubiquitin assay showed that coexpression of Paf1-Cub-
RUra3p with the NubV16A-tagged histones H2A, H2B or H4 conferred the yeast FOA 
resistant phenotype, indicating that full-length Paf1p interacted with H2A, H2B and 
H4 in vivo (Figure 3.4C, top-right panel, compare lanes 2, 3 and 5 with lane 1).  
As for other full-length candidates Rpb4p and Ynl010wp, neither was displayed 
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Figure 3.4 Full-length Paf1p but not Rpb4p and Ynl010wp interacted with histones H2A,
H2B and H4 in vivo 
A. Paf1-Cub-RUra3p, Rpb4-Cub-RUra3p and Ynl010w-Cub-RUra3p complemented the
corresponding native proteins by reversing the growth defect of the mutated strains on 3-AT
plate and on plate incubated at 37 ℃ . The mutated strains were transformed with the
corresponding Cub-RUra3 plasmids and then titrated onto plates as indicated. The mutated
strains and BY4742/BY4741 wild type cells served as negative and positive controls,
respectively.  
B. NubV16A-histones but not Nub-histones complemented endogenous histones. S. cerevisiae
BY4742 strains, in which the genomic histone genes had been deleted and that carried the
respective histone-expressing URA3-marked plasmid PactT-316-histone, were transformed
with the respective NubV16A-histone or Nub-histone plasmids and titrated onto SC/-Leu and
SC/-Leu + FOA plates. NubV16A empty vector served as negative control. 
C. Split-ubiquitin assays with the indicated Cub-RUra3p fusions and the NubV16A-fused histones.
S. cerevisiae JD52 cells co-expressing the indicated Cub-RUra3p fusions and NubV16A-fused
histones were titrated onto WL (SC/-Trp-Leu) and FWL (SC/-Trp-Leu + FOA) plates and
incubated at 28°C for 3 days. Co-expression of Paf1-Cub-RUra3p with NubV16A-fused H2A,
H2B and H3 conferred yeast FOA-resistant phenotype.  
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One possible explanation is that the C-terminal fusion of Cub-RUra3p might block the 
histone-binding surfaces in the candidates. As reported in chapter 2, the fragments 
isolated from the genomic libraries were prone to be localized in the C-terminal part 
of the full-length proteins. The isolated fragment of Rpb4p was from amino acid (aa) 
99 to 221 of the 221 aa full-length protein. The isolated fragment of Ynl010wp 
consisted of the C-terminal 165 aa. Different from them, the isolated fragment of 
Paf1p ranged from aa 239 to 423 within the 445 aa of the full-length protein. The 22 
aa distance to the C-terminal end might have prevented Cub-RUra3 from blocking the 
histone-binding surface in Paf1p. 
 
3.3.2.2 The in vitro interactions between histones and Paf1p, Rpb4p and 
Ynl010wp 
To test the in vitro interactions of Paf1p, Rpb4p and Ynl010wp with the core 
histones, the full-length genes of Paf1p, Rpb4 and Ynl010wp were cloned into vector 
pACNX-NubIBC3 to express the Nub-HA tagged candidates in yeast. Genes of the 
core histones were cloned into pGEX-5X-1 vector to express GST fused histones in 
E.coli BL21. Firstly, to confirm that the Nub-HA fusions of the candidates Paf1p, 
Rpb4p and Ynl010wp were able to function like the native proteins, complementation 
experiments were carried out. The results showed that, in contrast to the Nub vector 
(Figure 3.5A, right panel, lane 2, 5 and 8), the Nub-HA fusions of Rpb4p, Paf1p and 
Ynl010wp were able to rescue the growth defects of the respective mutants on the 3-
AT plates (Figure 3.5A, right panel, lane3, 6 and 9), demonstrating that the Nub-HA 
fusions were functional. Subsequently, the in vitro interactions were determined with 
GST pull-down assays. The results showed that, in contrast to GST alone (Figure 
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Figure 3.5 Full-length Paf1p, Rpb4p and Ynl010wp interacted with histones in vitro 
A. Nub-fused full-length Paf1p, Rpb4p and Ynl010wp complemented the respective wild type
proteins on 3-AT plates. Null mutants of RPB4, PAF1 and YNL010W were transformed with
PACNX plasmids expressing either Nub or Nub fused to full-length Rpb4p, Paf1p and Ynl010wp
as indicated. The 3-AT sensitivity phenotype was determined as described in Figure 3.2.  
B. rGST-histones pulled down Nub-HA-tagged Paf1p, Rpb4p and Ynl010wp from yeast extracts.
GST pull down assays were performed with GST-histones expressed in E. coli BL21and Nub-
HA-tagged Paf1p, Rpb4p and Ynl010wp expressed in yeast BY4742. On the left, the membranes
were probed with an anti-HA antibody to show the amount of Paf1p, Rpb4p and Ynl010wp
fusions pulled down by GST-histones from the S. cerevisiae extracts. Pull down by GST alone
was used as negative control. On the right, the membrane was reprobed with an anti-GST
antibody to show the loading of the GST fusions in the pull down reactions. Y.E, input of yeast
extracts. 
C. rHis6-HA-Ynl010wp interacted directly with rGST-H2A. GST pull down assays were performed
with GST-histones and His6-HA-candidates expressed in E.coli BL21. The membrane was probed
with an anti-HA antibody to show the amount of candidates that had been pulled down by the
GST-histones. -: negative GST alone control. Input: 10% of His6-HA-candidates used in the
assays. 
D. rGST-Paf1p and rGST-Rpb4p interacted directly with rHis6-HA-H2B, rGST-Ynl010wp
interacted directly with rHis6-HA-H2A. GST pull down assays were performed with GST-
candidates and His6-HA-histones expressed in E.coli BL21. The membrane was probed with an
anti-HA antibody to show the amount of histones that had been pulled down by the GST-
candidates.  Input: 10% of His6-HA-histones used in the assays. -: negative GST alone control.
Ynl: Ynl010w. +: positive GST-histone controls which were rGST-H2B, rGST-H2A and rGST-
H4, from the top to the bottom panel, respectively. 
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Paf1p, Rpb4p and Ynl010wp from yeast extracts (Figure 3.5B, left panel, lane 2, 3, 4 
and 5). These results support the physical interactions between full-length Paf1p, 
Rpb4p, Ynl010wp and the core histones.  
However, it is questionable that every core histone interacted with Paf1p, Rpb4p 
and Ynl010wp. The possible reason is that the histone octomer was pulled down from 
yeast extracts as a whole complex and mediated indirect interactions. To determine 
which histone directly interact with Paf1p, Rpb4p and Ynl010wp, both histones and 
the interacting candidates were cloned into the bacterial expression vectors pGEX-
5X-1 and pET11a and then expressed in E.coli BL21, respectively. Figure 3.5C shows 
that rHis6-HA-Ynl010wp was specifically pulled down by GST-H2A but not by other 
histones from E.coli extracts (bottom panel, lane 2), suggesting a direct interaction 
between histone H2A and Ynl010wp, whereas Paf1p and Rpb4p did not show direct 
interaction with the GST-tagged histones (Figure 3.5C, top and middle panels).  
The negative results might be due to the GST tag, which was fused to the N-
terminal of histones, blocked the binding surfaces of Paf1p and Rpb4p in histones.  To 
test this possibility, the GST pull down assay was repeated with GST-tagged 
candidates and His6-HA-tagged histones. Figure 3.5D shows that rHis6-HA-H2A was 
precipitated from E.coli extracts by Ynl010wp but not by Paf1p or Rpb4p (top panel, 
compare lane 3 with lanes 4 and 5), indicating the direct interaction between 
Ynl010wp and histone H2A. rHis6-HA-H2B was pulled down by GST fusions of 
Paf1p and Rpb4p (middle panel, lane 5 and lane 4), but not by GST-Ynl010wp 
(middle panel, lane 3), suggesting that Paf1p and Rpb4p directly interacted with H2B. 
The GST-tagged candidates were also used to pull down rHis6-HA-H3 but none of 
them generated an obvious signal compared with the positive control GST-H4 (Figure 
3.5D, bottom panel, compare lanes 2, 3, 4, 5 to lane 6), indicating that none of them 
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directly interacted with histone H3. The HHF1 gene was also cloned into the pET11a 
vector, but its expression failed for unknown reasons. Hence the direct interaction 
between His6-HA-H4 and GST-tagged candidates could not be examined.  
Taken together, the results of GST pull down assays demonstrate that full-length 
Paf1p, Rpb4p and Ynl010wp interact with the core histones in vitro. Paf1p and Rpb4p 
directly interact with H2B and Ynl010wp directly interact with H2A. 
 
3.3.3 Activation of the HIS3 gene in null mutants of PAF1, RPB4 and YNL010W 
 
Paf1p, Rpb4p and Ynl010wp physically interacted with histones and their 
mutants phenocopied histone mutations on 3-AT plates. To confirm the importance of 
these histone-interacting proteins for the activation of the HIS3 gene, mRNA levels of 
HIS3 in wild type and mutant strains were measured with quantitive real-time PCR.  
Figure 3.6A shows that in wild type BY4742, the mRNA of the HIS3 gene in the 
3-AT treated cells was 6.8 times higher than that in the untreated cells, which 
indicates significant induction of the HIS3 gene by 3-AT. In the control strain, 
BY4742∆GCN4, the mRNA of HIS3 only slightly increased in 3-AT treated cells, 
which is in agreement with function of Gcn4p as the HIS3 activator. This result also 
demonstrates that the growth phenotype of the GCN4 null mutant on 3-AT plate 
(Figure 3.2C) reflected the defect of HIS3 gene activation.  
Figure 3.6B shows that in the PAF1-deleted strain, there was nearly no increase 
for the HIS3 mRNA level in the 3-AT treated cells compared with the untreated cells, 
which is consistent with its 3-AT sensitive phenoytpe and demonstrates that Paf1p 
indeed affected the activation of the HIS3 gene. The null mutant of RPB4 had also 
displayed a growth defect on the 3-AT plate (Figure 3.3C) and in agreement, the 
results of real-time PCR showed less increase of HIS3 mRNA upon treatment with 3-
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Figure 3.6 Paf1p, Rbp4p and Ynl010wp were important for the activation of the 
d
RPB4 were cultured in synthetic complete (SC) media to OD600nm≈1.0, and then switched to SC/-
His + 100mM 3AT media for 30 minutes. Total RNA was isolated to perform RT and real-time
PCR. ACT1 was used for normalization. HIS3 mRNA level in uninduced (cultured in SC broth)
cells was set as 1. Error bars were calculated from 2-3 independent experiments. In figure D, yeast
BY4741 wild type and BY4741∆YNL010W were cultured in SC broth to OD600nm≈1.0 before being
titrated on SC and SC/-His + 50mM 3AT plates, and then incubated at 28°C for 4 days. Yeast cells
of different diluents were harvested from plates separately and total RNA was isolated to perform
RT and real-time PCR. 18S rRNA was used for normalization. HIS3 transcription in uninduced (o
SC plate) cells was set as 1. Error bars were calculated from 3 independent experiments. 
A. Deletion of GCN4 diminished the activation of the HIS3 gene. 
B. Deletion of PAF1 diminished the activation of the HIS3 gene. 
C. Deletion of RPB4 impaired the activation of the HIS3 gene. 
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 Deletion of YNL010W resulted in 3-AT sensitivity with cells grown on plates (Figure 
3.2C), but when the mutated yeast strain was cultured in liquid media, the HIS3 gene 
was induced by 3-AT as significantly as in the wild type strain (Figure S3). To test 
whether the 3-AT sensitive phenotype of YNL010W mutant reflects a diminished 
HIS3 activation, the real time PCR assay was repeated with cells cultured on plates. 
The result showed that the activation of HIS3 in wild type cells was cell density 
dependent, increasing from 2.38 to 15.78-fold (Figure 3.6D, bar 2 to bar 5). The lower 
the cell density, the higher the HIS3 gene was activated. In the YNL010W deletion 
strain, the activation of HIS3 was also cell density dependent, ranging from 1.59 to 
1.92-fold (Figure 3.6D, bar 7 and bar 8). The activation of HIS3 in the YNL010W 
mutant was lower than that in the wild type strain. The maximum activation of the 
HIS3 gene in the YNL010W mutant was only about one-eighth of that in the isogenic 
wild type strain, confirming that deletion of YNL010W really affected the activation of 
the HIS3 gene. 
3.3.4 Gcn4p protein level in null mutants of histone-interacting partners 
In budding yeast, the Gcn4p-activated genes are primarily regulated through the 
protein abundance of Gcn4p. To examine the possibility that the reduced HIS3 gene 
activation in those mutated yeast strains was an indirect effect mediated by the 
shortage of the activator Gcn4p, the genomic Gcn4p was C-terminally labeled with a 
myc9 tag. Then Western blot was carried out to determine Gcn4p protein abundance.  
As shown in Figure 3.7A, under HIS3 inducing condition, the Gcn4p levels in 
the PAF1, RPB4 mutants and the wild type strain were all increased (Figure 3.7A, 
compare lane 4, 5 and 6 with lane 1, 2 and 3). However, the Gcn4p protein level was 
lower in the RPB4 deletion strain than that in the wild type strain under both 
noninducing and inducing conditions (Figure 3.7A, compare lane 2 with 1 and 
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compare lane 5 with lane 4), indicating that the impact of RPB4 deletion on HIS3 
activation was at least in part mediated by the shortage of Gcn4p. In contrast to the 
RPB4 deletion strain, the Gcn4p protein level was higher in the PAF1 deletion strain 
than that in the wild type strain (Figure 3.7A, compare lane 3 with 1 and compare lane 
6 with lane 4), indicating that the impact of PAF1 deletion on HIS3 activation was not 
mediated by Gcn4p.  
In the PAF1 deletion strain, the transcription of the HIS3 gene was nearly 
abolished hence the overabundance of Gcn4p may suggest that the yeast tried to 
compensate this defect by upregulating the expression of Gcn4p to enhance the 
stimulation of HIS3. Recently, it was reported that accumulation of Gcn4p in yeast, 
which was caused by defective Gcn4p degradation, diminished the transcription of 
Gcn4p target genes including HIS3 (Lipford et al., 2005). However, Paf1p is a 
transcription elongation factor and there is no evidence supporting that Paf1p is 
required for protein degradation. Therefore the former explanation appears more 
reasonable. 
As shown in Figure 3.7B, when wild type yeast cells were titrated on 3-AT 
plates, the Gcn4p protein level did not change significantly in the first three diluents 
(compare lane 2 to 4 with lane 1), but it increased obviously in the two most diluted 
spots (lane 5 and 6). In the YNL010W mutant, the trend of Gcn4p up-regulation was 
not altered (lane 8-9). Furthermore, the Gcn4 protein levels in the YNL010W mutant 
were even higher than that in the wild type strain if the cells of the same inoculation 
density were compared (compare lane 8 with lane 2 and lane 9 with lane 3). This 
result demonstrates that the deletion of YNL010W did not impair the expression of 
Gcn4p therefore the defective HIS3 activation in the YNL010W mutant was not 
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Figure 3.7 Gcn4p protein level was affected by deletion of PAF1, RPB4 or YNL010W 
A. Gcn4-myc9p protein level decreased in BY4742∆RPB4 and increased in BY4742∆PAF1 strain. 
Integrative RS304-Gcn4c-myc9 DNA was transformed into the yeast strains BY4742 WT,
BY4742∆RPB4 and BY4742∆PAF1 to determine the endogenous Gcn4p protein level in these strains
under uninduced (SC/-Trp media) and induced (SC/-His + 100mM 3-AT media) conditions (lane 1-
6). Untagged BY4742 WT was used as control (lane 7). Left panel: Western Blot analysis of Gcn4-
myc9p. Gcn4p protein level decreased in the RPB4 deletion strain (compare lane 2 with lane 1 and
lane 5 with lane 4) and increased in the PAF1 deletion strain (compare lane 3 with lane 1 and lane 6
with 4). The membrane was blotted with an anti-myc antibody. Right panel: Coomassie Blue-stained
gel to show the loading of each lane. The experiment was repeated twice with similar results. 
B. Gcn4-myc9p protein level increased in BY4741∆YNL010W strain cultured on 3-AT plates. 
Yeast strains BY4741 and BY4741∆YNL010W endogenously expressing Gcn4-myc9p protein were
cultured in synthetic complete (SC) broth to OD600nm = 1.0 and then ten-fold serial diluted and titrated
on SC and SC/-His + 50 mM 3-AT plates. After 4 days incubation at 28°C, five different diluents for
wild type and two different diluents for the YNL010W mutant grew on 3-AT plates. Yeast cells of
different diluents were harvested separately and analyzed by Western Blot. Upper panel: Western
Blot analysis of Gcn4-myc9p. The membrane was blotted with an anti-myc antibody. Lower panel:
The same membrane was re-probed with an anti-CPY antibody as loading control.  
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Through the examination of Gcn4p protein abundance, it was revealed that Paf1p and 
Ynl010wp might play a direct role in HIS3 gene regulation. Whereas the effect of 
Rpb4p on HIS3 regulation should be at least partially mediated by Gcn4p. 
 
3.3.5 The association of Paf1p, Rbp4p and Ynl010wp with the HIS3 gene 
 
Since Paf1p, Rbp4p and Ynl010wp were required for the activation of HIS3 and 
they physically interacted with histones, it was assumed that Paf1p, Rbp4p and 
Ynl010wp are associated with the genomic HIS3 locus and are directly involved in 
HIS3 transcription.  To test this possibility, ChIP assays were carried out. Firstly, the 
genes of PAF1, RPB4 and YNL010W were cloned into vector RS314-MYC9 to 
express the proteins under the control of their endogenous promoters and to label the 
proteins with a myc9 tag. The functions of the myc9-tagged protein were 
subsequently examined with the complementation assays. As shown in figure 3.8A, 
the myc9-tagged proteins were able to complement the native ones by reversing the 3-
AT sensitive phenotype of the corresponding mutants (Figure 3.8A, right panel, lanes 
2, 4 and 6).  
The result of ChIP assay showed that, in 3-AT treated but not in untreated cells, 
Paf1p was associated with the HIS3 promoter and ORF regions (Figure 3.8B, lane 1 
and 2), which suggests that Paf1p was recruited to the HIS3 gene upon 3-AT 
stimulation and might move along the HIS3 gene together with RNA polymerase II 
during the transcription elongation, presumably in its role as subunit of the PAF1 
transcription elongation complex. Similarly, Rpb4-myc9p was associated with the 
promoter and ORF regions of HIS3 when cells were treated with 3-AT (Figure 3.8C, 
lane 2 and 4), indicating that Rpb4p protein was recruited to the HIS3 gene and 
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Figure 3.8 Paf1p, Rpb4p and Ynl010wp were associated with the HIS3 locus 
A. The C-terminally myc9-tagged Paf1p, Rpb4p and Ynl010wp were functional as native
proteins on 3-AT plates. On 3-AT plates, yeast cells expressing myc9-tagged Paf1p, Rpb4p
and Ynl010wp were able to rescue the growth defects of the corresponding null mutants as
indicated on the left of the figure. 
B. Paf1-myc9p was recruited to the HIS3 promoter and ORF under activation conditions. The
RS314-PPAF1-Paf1-myc9 plasmid was transformed into the BY4742∆PAF1 strain to express
myc-tagged Paf1p from the endogenous promoter. ChIP assay showed the association o
ΔYNL010W + Ynl010w-myc9
SC/-His                   SC/-His + 3-AT 
D 
f
Paf1p on the promoter and ORF of HIS3 in cells treated with 3-AT. 
C. Rpb4-myc9p was recruited to the HIS3 promoter and ORF under activation conditions. The
RS314-PRPB4-Rpb4-myc9 plasmid was transformed into the BY4742∆RPB4 strain to
express myc9-tagged Rpb4p from the endogenous promoter. ChIP assay showed the
association of Rpb4p on the promoter and ORF of HIS3 in cells treated with 3-AT. 
D. Ynl010w-myc9p was recruited to the HIS3 promoter when yeast cells were cultured on 3-
AT plates. The YCplac33-PYNL010W-Ynl010w-myc9 plasmid was transformed into the
BY4741∆YNL010W strain to express myc-tagged Ynl010wp from the endogenous
promoter. ChIP assay showed the association of Ynl010wp on the promoter of HIS3 in
cells treated with 3-AT. 
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RNA polymerase II. Different from Paf1p andRpb4p, Ynl010wp was only associated 
with the promoter region but not the ORF region of HIS3 when yeast was treated with 
3-AT (Figure 3.8D, upper panel, lane 5), indicating that Ynl010wp was involved in 
transcription initiation but not in transcription elongation. 
 
3.3.6 Influence of Paf1p, Rbp4p and Ynl010wp on histone H2B ubiquitination  
 
It was reported that H2BK123 ubiquitination is a prerequisite of H3K4 
trimethylation, which is a marker for activated transcription. Yeast cells expressing 
H2BK123A in place of wild type H2B display 3-AT sensitivity (unpublished data 
generated by Dr. Norbert Lehming’s lab), which suggests that the ubiquitination of 
H2BK123 is required for HIS3 activation. To explore the mechanism by which Paf1p, 
Rbp4p and Ynl010wp regulate HIS3 transcription, the levels of H2B ubiquitination in 
the PAF1, RPB4 and YNL010W deletion strains were examined. 
Figure 3.9A shows the levels of ubiquitinated H2B in RPB4 deletion and in 
PAF1 deletion strains. In the isogenic wild type strain, the mono-ubiquitination of 
H2B at residue K123 decreases the mobility in SDS-PAGE, so there was a band 
corresponding to mono-ubiquitinated H2B above the band of H2B (left panel: lane 1). 
However, this band of mono-ubiquitinated H2B disappeared if the control plasmid 
PactT316-HA-H2BK123A was transformed into BY4742 (left panel: lane 4), which 
confirmed the slower mobility band in lane 1 was indeed mono-ubiquitinated H2B. In 
the RPB4 and PAF1 deletion strains, the signal for the mono-ubiquitinated H2B was 
less than in the wild type strain (left panel, compare lane 2 and 3 with lane 1), 
indicating that Rpb4p and Paf1p were required for mono-ubiquitination of H2B.  
Since the signals of the HA-tagged mono-ubiquitinated H2B in the figure were 
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Figure 3.9 Ubiquitination of histone H2B was affected by Paf1p, Rbp4p and Ynl010wp 
In figure A and B, to test the mono-ubiquitination status of histone H2B, yeast cells were 
cultured in selective broth until OD600nm reached 0.8-1.0. Then the yeast cells were 
precipitated and washed once with sterile water before being loaded onto SDS-PAGE to 
perform Western blot.  
A. Mono-ubiquitination of H2B was reduced in RPB4 and PAF1 deleted yeast strains 
Left panel: The plasmid PactT316-HA-H2B was transformed into the yeast strains BY4742, 
BY4742∆RPB4 and BY4742∆PAF1. Plasmid PactT316-HA-H2BK123A-transformed 
BY4742 was used as control. The membrane was probed with an anti-HA antibody. Right 
panel: The plasmid RS314-H2B-Cub-myc9, instead of PactT316-HA-H2B, was transformed 
into yeast therefore the membrane was probed with an anti-myc antibody. 
B. Mono-ubiquitination of H2B was decreased in the YNL010W deletion strain 
The plasmid PactT316-HA-H2B was transformed into the strains BY4741 and 
BY4741∆YNL010W. In lane 5, the plasmid PactT316-HA-H2BK123A was transformed into 





H2B. As shown in the right panel of Figure 3.9A, similar results were obtained, as 
mono-ubiquitinated H2B was reduced in the RPB4 and PAF1 deletion strains. It has 
not yet been reported that the deletion of RPB4 affected H2B mono-ubiquitination, 
although the requirement of Paf1p for H2B mono-ubiquitination was not a novel 
finding. 
Figure 3.9B shows the mono-ubiquitination of H2B in BY4741 wild type and 
YNL010W deletion strains. Lanes 1 to 4 shows that in the wild type strain, when the 
culture reached different OD600nm, the ratio of mono-ubiquitinated H2B to un-
ubiquitinated H2B varied. The lower the OD600nm, the higher the ratio was. It had been 
reported that H2B mono-ubiquitination was influenced by the concentration of the 
carbon sauce in culture media (Dong and Xu, 2004). In agreement, the result of this 
study also indicates that H2B mono-ubiquitination was higher when the culture was in 
the exponential growth phase and when glucose was abundant in media. In the 
YNL010W deletion strain, this trend was not observed. The level of mono-
ubiquitinated H2B was lower in the YNL010W deletion strain than in the wild type 
strain (compare lane 6 to lane 4), which suggests that Ynl010wp was required for 
H2B ubiquitination. 
The above results showed that Paf1p, Rpb4p and Ynl010wp affected the 
ubiquitination of H2B which is necessary for HIS3 activation, indicating that they 





In this chapter, three histone-interacting candidates Paf1p, Rpb4 and Ynl010wp, 
which phenocopied the transcription-related phenotype of histone mutants, were 
further studied. Their physical interactions with the core histones were confirmed and 
their involvement in HIS3 activation was demonstrated. Moreover, their influence on 
histone H2B ubiquitination was observed. These findings reveal the transcriptional 
function of Ynl010wp, which was previously a protein of unknown function. In 
addition, these findings extend our knowledge about the transcriptional functions of 
Paf1p and Rpb4, which were previously known to be subunits of transcriptional 
elongator and RNA polymerase II, respectively. 
3.4.1 Paf1p, Rbp4p and Ynl010wp played different roles in the transcriptional 
regulation of the HIS3 gene 
To compare the functions of the histone-interacting proteins, the properties of 
the mutants of PAF1, RPB4 and YNL010W were summarized in Table 3.1, suggesting 
that these proteins acted in different ways to regulate transcription of the HIS3 gene.  










PAF1 sensitive decreased increased decreased 
RPB4 sensitive decreased decreased decreased 
YNL010W sensitive 
decreased when yeast 
was cultured on 
plates 
increased when yeast 




Firstly, the examination of HIS3 mRNA levels revealed that these four proteins 
affect HIS3 transcription differently. The PAF1 gene deletion nearly abolished the 
activation of HIS3. The deletion of RPB4 caused a slight decrease of HIS3 activation. 
The levels of HIS3 mRNA in these two mutant strains were measured with yeast 
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cultured in liquid media and the results were consistent with the phenotype displayed 
on 3-AT plates. However, for the YNL010W deletion strain, this consistency between 
phenotype and mRNA level could only be observed with yeast cells harvested from 
plates. HIS3 gene activation was as good as in the wild type strain if the YNL010W 
mutant was cultured in liquid media. This phenomenon may indicate that the HIS3 
gene is regulated by different mechanisms in yeast growing in liquid media or on the 
surface of plates. Rpb4p, Paf1p and Slm1p may be involved in both mechanisms and 
Ynl010wp may only be involved in the mechanism for surface growth. 
Secondly, the manners of association of these three histone-interacting proteins 
with chromatin were also different. The association of Rpb4p and Paf1p were 
detected for both the promoter and the ORF regions of the HIS3 gene when the yeast 
cells were treated with 3-AT. These results suggest that both proteins were involved 
in the elongation phase of HIS3 gene transcription. However, the association of 
Ynl010wp was only observed on the HIS3 promoter region, suggesting that 
Ynl010wp played a role in initiation phase of the HIS3 gene activation but not in the 
elongation phase.  
Thirdly, Gcn4p protein level was differently regulated in the three mutated 
strains. In the RPB4 deletion strain, Gcn4p protein was less than that in the wild type 
strain under both inducing and noninducing conditions, indicating that the efficient 
expression of Gcn4p requires Rpb4p and the impact of RPB4 deletion on HIS3 
activation was partially mediated by Gcn4p. In the PAF1 deletion strain, Gcn4p 
protein level was higher than that in the wild type strain under basal conditions and 
further increased when yeast cells were cultured in 3-AT-containing broth. In the 
YNL010W deletion strain, when yeast was cultured on plates, the Gcn4p levels were 
higher than those in the corresponding wild type cells, which was similar to the effect 
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of the PAF1 deletion on Gcn4p expression. These results indicating that the function 
of Paf1p and Ynl010wp on HIS3 activation was not mediated by Gcn4p. 
 
3.4.2 The possible mechanisms for the regulation of the HIS3 gene by Paf1p, 
Rbp4p and Ynl010wp  
3.4.2.1 Paf1p is recruited to the HIS3 locus upon induction of transcription and 
facilitates transcription elongation 
Paf1p is a component of the PAF1 complex which was previously identified to 
function during the elongation phase of transcription since it physically and 
functionally associated with Spt4-Spt5 and Spt16-Pob3, the yeast counterpart of the 
human elongation factor FACT (Squazzo et al., 2002). However, Paf1p is not 
universally required for gene transcription since it is non-essential for yeast survival 
under permissive conditions. In this study, Paf1p was shown to be important for the 
activation of HIS3.  
The PAF1 complex was previously reported to be associated with the actively 
transcribed genes via its physical interactions with RNA polymerase II, Bur1/Bur2 
kinase complex and other elongation factors, such as Ccr4-Not complex, FACT 
complex and DSIF complex (Squazzo et al., 2002; Laribee et al., 2005; Qiu et al., 
2006; Mulder et al., 2007). In this study, the direct interactions between Paf1p and 
histone H2B was demonstrated by the GST pull down method. The physical 
interaction of Paf1p with H2B should also contribute to the association of PAF1 
complex with chromatin.  
The role of PAF1 complex in transcriptional regulation was related to histone 
modifications. As observed in this study, Paf1 was reported to be required for the 
ubiquitination of histone H2B, which is the prerequisite of the methylation of histone 
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H3 lysine 4 and lysine 79  (Krogan et al., 2003; Wood et al., 2003). Recently, it was 
reported that the PAF1 complex and the histone modifications that it mediates 
increase the efficiency of transcriptional elongation by promoting displacement of 
histone H2A/H2B dimmer and thus generating a more accessible chromatin structure 
for RNA polymerase II (Marton and Desiderio, 2008). 
Therefore, the results of this study together with the published data suggest a 
model by which Paf1p regulates the activation of HIS3. When yeast is cultured under 
HIS3 inducing condition, the protein level of activator Gcn4p is unregulated rapidly to 
start the formation of transcription initiation complex on the HIS3 promoter.  
Subsequently, the PAF1 complex is recruited to the HIS3 promoter through its 
interactions with histone H2B, RNA polymerase II and other transcription elongation 
factors to facilitate the ubiquitination of H2B, which in turn promotes the nucleosome 
destablization and RNA polymerase II proceeding to the ORF region of HIS3. PAF1 
complex travels together with the transcription machinery along the HIS3 gene to 
increase the efficiency of transcription elongation.  
3.4.2.2 Rpb4p regulates HIS3 activation both directly and indirectly 
Rpb4p, a subunit of RNA polymerase II, is non-essential for yeast survival and 
is not important for the transcription of constitutive genes whereas it affects the 
activated transcription of a subset of genes, including GAL1, Gal10, INO1, PHO5 and 
HSE (Pillai et al., 2001).  Here, we observed that it is also important for the activation 
of HIS3.  
In vivo, Rpb4p forms a heterodimmer with Rpb7p and the Rpb4/Rpb7 dimmer is 
dissociable from RNA polymerase II. In the complete RNA polymerase II, 
Rpb4/Rpb7 protrudes from the polymerase “upstream face”, on which transcription 
initiation factors assemble (Armache et al., 2003). Through physical interactions, 
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Rpb4/Rpb7 stabilizes a minimal pre-initiation complex containing promoter DNA, 
TBP and TFIIB (Jensen et al., 1998) and it also helps to recruit the CTD phosphatase 
Fcp1p (Kamenski et al., 2004). In this study, we observed that Rpb4p interacts with 
histone H2B. This interaction might stabilize the association of RNA polymerase II 
with the activated genes, such as HIS3.  
Interestingly, we found the phenotypes of the RPB4 null mutant were very 
similar to the mutant of PAF1 (Figure 3.3), indicating that both of them are required 
for activated transcription, in particular, for transcription elongation. Moreover, we 
found that RPB4 deletion also affected H2B ubiquitination, which is required for 
HIS3 activation (Figure 3.9A). Since Rpb4p was recruited to the HIS3 locus under 
inducing condition, it is possible that Rpb4p play a direct role in the regulation of 
HIS3 by affecting H2B ubiquitination and affecting the efficiency of transcription 
elongation. In addition, the protein level of the activator Gcn4p was reduced in 
absence of Rpb4p, suggesting that Rpb4p is required for the efficient transcription of 
GCN4 and therefore Rpb4p plays an indirect role in HIS3 activation as well. 
It seems that Rpb4p, the fourth largest subunit of RNA polymerase II, is 
potential to perform multiple functions in the regulation of HIS3. 
3.4.2.3  Ynl010wp might function in the initiation of HIS3 transcription  
 
Ynl010wp was previously a protein of unknown function. Ynl010w-GFP was 
visualized in both nucleus and cytoplasm (Huh et al., 2003).  In this study, Ynl010wp 
was observed to interact with histone H2A and be recruited to the HIS3 promoter 
when cells were cultured on 3-AT containing plates. Deletion of YNL010W resulted in 
defective HIS3 activation. These observations suggest that Ynl010wp is a 
transcription factor participating in the regulation of the HIS3 gene.  
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Unlike Paf1p and Rpb4p, Ynl010wp was not recruited to the ORF region of 
HIS3. Additionally, the null mutant of YNL010W was not sensitive to 6-AU, 
indicating that Ynl010wp is not required for transcription elongation. Similar to Paf1p 
and Rpb4p, Ynl010wp was required for the efficient ubiquitination of H2B, which 
suggests that Ynl010wp functions upstream of Paf1p, Rpb4p and H2B ubiquitination, 
and plays a role in the initiation phase of HIS3 transcription.  
Database searching revealed that the amino acid sequence of Ynl010wp shows 
similarity to phosphoserine phosphatases in bacterium, such as A. fulgidus and  
N. caesariensis. Histone phosphorylation was linked to various biological processes, 
such as gene expression, DNA repair, apoptosis and chromatin condensation. 
Furthermore, histone phosphorylation was suggested to be dynamic regulated 
(Thomson et al., 2001). In addition, the activities of RNA polymerase II and many 
transcription factors are also regulated through phosphorylation and de-
phosphorylation. Therefore, whether Ynl010wp indeed behaves as phosphatase which 
de-phosphorylates either histones or other proteins taking part in HIS3 gene 
transcription should be worthy of further investigation.  
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Interaction of Slm1p with the Core Histone and the 
Transcriptional Functions of Slm1p 
Chapter 4 
4.1 Preface 
The C-terminal fragment of Slm1p was isolated as a histone-interacting 
candidate through library screening. Moreover, the null mutant of SLM1 showed TS 
and 3-AT sensitive phenotypes, which are also the phenotypes of the N-terminally 
truncated histone mutants. The similar growth phenotypes suggest the functional 
relationship between Slm1p and the histones, and support their physical interaction.  
In this chapter, the physical interaction between the full-length Slm1p and the 
core histones was further studied with the GST pull down method. The transcriptional 
function of Slm1p was explored with quantitative real-time PCR and ChIP assays. 
The influence of Slm1p on histone modification was examined with Western-blot 
method. In addition, to explore the mechanism by which Slm1p affects histone 
modification, the growth phenotypes of SLM1 deletion strain were compared with that 
of the null mutant of UBP8, which encodes the enzyme for H2B deubiquitination. 
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4.2 Materials and Methods 
4.2.1 Yeast strains and plasmids 
Yeast strain Genotype 
BY4742∆SLM1 MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; SLM1:: kanMx4 
BY4742∆UBP8 
MATα; his3∆1; leu2∆0; lys2∆0; ura3∆0; trp1∆; 
UBP8::TRP1 




4.2.2 Experimental procedures 
4.2.2.1 Generation of UBP8 deletion strain 
To knock out the ORF of the UBP8 gene through homologous recombination, 
the TRP1 gene was amplified with PCR and flanked with the promoter and terminator 
sequences of UBP8. The PCR products were transformed into the yeast strain 
BY4742∆TRP1 and transformants were selected for on a SC/-Trp plate. The UBP8 
gene would be replaced by TRP1 in yeast grown on the tryptophan-lacking plate. The 
knockout of UBP8 was confirmed with PCR of the genomic DNA. 
4.2.2.2 Construction of plasmid RS304-Slm1c-myc9 
To label endogenous Slm1p with a myc9 tag, an integrative construct, 
RS304-Slm1c-myc9, was generated. Firstly, the full-length gene was amplified with 
the 5’YIL105C-SalI and 3’YIL105Cgo-SalI primers using the 
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PACNX-NubIBC3-Slm1 plasmid as template. After digestion with PstI (a unique RE 
site within the ORF) and SalI, the PCR product was inserted into the RS304-myc9 
vector. This construct was linerized with BglII (another unique restriction 
endonuclease site within the ORF) and then transformed into the BY4742ΔTRP1 wild 
type strain and plated on a SC/-Trp plate. The correct integration was confirmed 
indirectly by Western blot, which showed a myc9 fusion protein of the correct size. 
4.2.2.3 Quantitative real time PCR 
The same as described in Chapter 3. 
4.2.2.4 Chromatin immunoprecipitation (ChIP) assay  





4.3.1 Physical interaction between Slm1p and the core histone 
Since the null mutant of the histone-interacting candidate Slm1p phenocopied 
certain phenotypes of the histone mutants (Figure 3.2 and 3.3), which suggest its 
involvement in transcriptional regulation, Slm1p was chosen for further study. In 
order to test whether the full-length Slm1p interacts with the core histones, its 
full-length gene was cloned into the vector pGEX-5X-1 to express the GST-Slm1p in 
E.coli BL21. Genes of the core histones were cloned into vector PactT316 to express 
the HA-tagged histones in yeast BY4742. Subsequently, GST pull down assay was 
performed to examine the Slm1p-histone interaction in vitro. Figure 4.1A shows that 
the HA-tagged histone H2B, H3 and H4 were precipitated from yeast extracts by 
GST-Slm1p (lane 3-5). However, the HA-tagged H2A was not precipitated (lane 6). 
These results suggest that Slm1p interacted with histone H2B, H3 and H4. To further 
determine which histone the Slm1p directly interacts with, genes of the core histones 
H2A, H2B, H3 and H4 were cloned into vector pET-11a to express His6-HA tagged 
histones in E.coli BL21. Figure 4.1B shows that histone H2B was pulled down by 
GST-Slm1p but not by GST (middle panel, compare lane 3 with lane 2), suggesting 
the direct interaction between Slm1p and histone H2B. Histones H2A and H3 showed 
no direct interaction with Slm1p (top and bottom panels, lane 3). The expression of 
His6-HA tagged H4 was failed for unknown reasons, therefore the direct interaction 









4.3.2 Activation of the HIS3 gene in null mutant of SLM1 
The 3-AT sensitive phenotype of the SLM1 deletion strain (Figure 3.3C) 
indicates that Slm1p is required for the activation of HIS3. To confirm the importance 
of Slm1p for HIS3 activation, quantitative real-time PCR assay was performed to 
measure the HIS3 mRNA in BY4742 wild type and in the isogenic SLM1 deletion 
strain. Figure 4.2 shows that, in the wild type strain, the HIS3 mRNA level increased 
about 11 fold upon stimulation with 3-AT whereas, in the null mutant of SLM1, the 
HIS3 mRNA level increased only about 6.3 fold under the same inducing condition. 
This result demonstrates that Slm1p was really required for the fully activation of 
HIS3. 
HA fusion:   Y.E.   H2B  H4   H3  H2B  H2A
1    2     3     4    5     6 







1    2    3 
Figure 4.1 Slm1p interacted with histones in vitro 
A. rGST-Slm1p pulled down HA-tagged histones from yeast extracts. GST pull down assays were
performed with GST-Slm1 expressed in E. coli BL21and HA-tagged histones expressed in
yeast BY4742. The membrane was probed with an anti-HA antibody to show the amount of
hiatones pulled down by GST-Slm1p from the S. cerevisiae extracts. Pull down by GST alone
was used as negative control. Y.E, input of yeast extracts containing HA-H2B. 
B. rGST-Slm1p interacted directly with rHis6-HA-H2B. GST pull down assays were performed
with GST-Slm1p histones and His6-HA-histones expressed in E.coli BL21. The membrane was
probed with an anti-HA antibody to show the amount of histones that had been pulled down by





















WT, SC broth 
WT, 3-AT broth 
slm1, SC broth 
slm1, 3-AT broth 
Figure 4.2 Deletion of SLM1 impaired the activation of the HIS3 gene 
Wild type yeast strains BY4742 and the isogenous null mutant of SLM1were cultured in synthetic
complete (SC) media to OD600nm≈1.0, and then switched to SC/-His + 100mM 3-AT media for 30
minutes. Total RNA was isolated to perform RT and real-time PCR. ACT1 was used for
normalization. HIS3 mRNA level in uninduced (cultured in SC broth) cells was set as 1. Error
bars were calculated from 3 independent experiments. 
 
4.3.3 The association of Slm1p with the HIS3 gene 
The physical interaction between Slm1p and histone H2B and the requirement 
of Slm1p for the activation of HIS3 raise the possibility that Slm1p is associated with 
the genomic locus of HIS3 where it play a role in the regulation of HIS3. To test this 
possibility, ChIP assay was performed. 
The intracellular localization of Slm1p was observed to be in cytoplasm and 
plasma membrane (Huh, et al., 2003; Fadri et al., 2005), whereas it was not reported 
to be a nuclear protein. Hence, to test whether Slm1p was present in the chromatin 
extracts, the endogenous Slm1p was C-terminally tagged with myc9 and the 
chromatin extracts were examined with Western blot. The result showed that there 
was a band corresponding to Slm1-myc9p present in the chromatin extracts of the 
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Figure 4.3 Slm1p was associated with several genomic regions independent of 3-AT treatment
BY4742 cells expressing Slm1-myc9p and untagged BY4742 cells were cultured in broth with or
without 3-AT as indicated. Chromatin extracts were used for Western blot and ChIP assays.  
A. Slm1-myc9 was present in chromatin extracts. Half of the amount of the extracts used in the
ChIP assay was used for Western blot with anti-myc antibody.  
B. Slm1-myc9 was associated with multiple genomic regions including the HIS3 locus.
Chromatin extracts containing 50 µg of total DNA were used to perform ChIP assays with
anti-myc antibody-conjugated agarose beads. DNA of input and ChIP assays was analyzed by
PCR with primers directed against the HIS3 promoter, HIS3 ORF and ACT1 ORF regions, and
an intergenic region on chromosome XV, respectively. (U.T. = untagged) 
Slm1-myc9 
(~100kDa) 
3-AT: U T - +
A 




     Input           ChIP 
3-AT:       -    +    U.T.     -     +   U.T. 
B 
1     2     3
1    2    3   4    5    6
 
myc9-tagged strain but not in the chromatin extracts of the untagged strain (Figure 
4.3A, compare lane 2 and 3 with lane 1). In addition, under 3-AT treated or untreated 
conditions, there was equal amount of Slm1p in the chromatin extracts (Figure 4.3A, 
lane 2 and 3). The result of ChIP showed that Slm1p associated with both the 
promoter and ORF regions of the HIS3 gene regardless if the cells were treated with 
3-AT or not (Figure 4.3B, the upper two panels, lane 4 and 5). Additionally, Slm1p 
was also found in the intergenic region and the ORF of the constitutively expressed 
gene ACT1 (Figure 4.3B, the bottom two panels, lane 4 and 5). In the untagged 
control strain, only background signal was detected (Figure 4.3B, lane 6). These 
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results suggest that, consistent with its interaction with histone H2B, Slm1p protein 
could exist in the nucleus and be associated with multiple regions of the yeast genome, 
and the association was not regulated by 3-AT. The result of the ChIP assay together 
with the results of phenotype testing and mRNA quantification may indicate that 
Slm1p directly participated in HIS3 transcription. However, how the Slm1p 
contributes to the activation of the HIS3 gene cannot be deduced from these results. A 
possibility is that Slm1p might affect HIS3 gene transcription through switching the 
status of its transcriptional activity when yeast was cultured in different media. One 
precedent of constant association of transcription factor with DNA is the binding of 
Gal4p to the GAL1-10 promoter. Gal80p inhibits the transcriptional activity of Gal4p 
when the yeast cells are cultured in glucose media, and the inhibition is removed 
when glucose is no longer the carbon source.  
4.3.4 Slm1p affected the deubiquitination of histone H2B  
It was reported that H2BK123 ubiquitination is a dynamic process, the 
sequential ubiquitination and deubiquitination of histone H2B are important for the 
transcriptional regulation (Henry et al., 2003). Since Slm1p physically interacted with 
histone H2B, its influence on the ubiquitination status of H2B was explored. Figure 
4.4 shows that the level of mono-ubiquitinated H2B was higher in the SLM1 mutant 
than in the isogenic wild type strain (compare lane 4 and 5 to lane 2 and 3). This 






Figure 4.4 The ubiquitinated histone H2B increased in SLM1 deletion strain 
The plasmid PactT316-HA-H2B was transformed into the yeast strains BY4742 and
BY4742∆SLM1. Yeast cells were cultured for Western blot. In lane 3 and lane 5, twice the amount
of cells was loaded. Plasmid PactT316-HA-H2BK123A-transformed BY4742 was used as control.
The membrane was probed with an anti-HA antibody. 
Histone H2B is ubiquitinated at K123 by Rad6/Bre1 (Robzyk et al., 2000) and 
deubiquitinated by Ubp8p and Ubp10p (Henry et al., 2003; Emre et al., 2005). 
According to protein databases, the Slm1p protein contains only one 
plecktrin-homolog domain (PH domain) in the C-terminal half, but it does not contain 
cysteine-protease motif that is shared by the ubiquitin-specific proteases, for instance, 
Ubp8p and Ubp10p. Alignment of amino acid sequences revealed no significant 
similarity between the sequence of Slm1p and the sequence of Ubp8p or Ubp10p. 
Therefore, Slm1p may not be an enzyme removing ubiquitin from H2B, in stead, the 
influence of Slm1p on H2B deubiquitination might be mediated by other Ubps. 
Ubp8p is a subunit of SAGA complex which is associated with euchromatin (Henry et 
al., 2003; Lee et al., 2005). Ubp10p mainly acts on heterochromatin and is involved 
in telomere silencing (Kahana and Gottschling, 1999). Because Slm1p affected the 
transcription of the HIS3 gene which is in euchromatin, it is assumed that its effect on 
H2B de-ubiquitination may be mediated by the de-ubiquitinase activity of Ubp8p. 
To explore the relationship between Slm1p and Ubp8p, the UBP8 deletion strain 
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was generated and the phenotypes of the UBP8 deletion strain were compared with 
that of the SLM1 deletion strain.  The results showed that the null mutant of UBP8 
had similar phenotypes to the SLM1 deletion strain. Both mutants were sick at high 
temperature (Figure 4.5A, right panel, compare lines 2 and 3 with line 1), were 
sensitive to 3-AT (Figure 4.5B, right panel, compare lines 2 and 3 with line 1) and 
were not sensitive to antimycin A on galactose plates (Figure 4.5C, right panel, 
compare lines 2 and 3 with line 1). From the common phenotypes, it may be inferred 
that Slm1p could function in the same pathway as Ubp8p in the regulation of 
transcription and act through Ubp8p to regulate H2B deubiquitination. 
 













Galactose            Galactose + AA 
C 
Figure 4.5 The SLM1 deletion strain shared some growth phenotypes with the UBP8 deletion
strain 
To compare the phenotypes in the UBP8 and SLM1 deletion strains, yeast cells were ten-fold serial
diluted and titrated onto different plates as indicated and then incubated at either 28°C or 37°C for 3
days. The BY4742 wild type strain was used as control. 
A. Both the SLM1 deletion strain and the UBP8 deletion strain were sensitive to high temperature. 
B. Both the SLM1 deletion strain and the UBP8 deletion strain were sensitive to 3-AT. 




Slm1p was originally identified to be synthetic lethal with certain alleles of 
MSS4, an essential PI4P 5-kinase (Audhya et al., 2004). Slm1p directly interacts with 
phosphatidyl inositol-4,5-bisphosphate (PI4,5P2) and the Bit61p and Avo2p subunits 
of the TORC2 complex (Fadri et al., 2005). In addition, Slm1p binds to calcineurin, a 
conserved Ca2+/calmodulin-dependent phosphatase, which is involved in 
sphingolipid metabolism (Bultynck et al., 2006; Mulet et al., 2006). Slm1p is 
phosphorylated by TORC2 and is dephosphorylated by calcineurin. The 
phosphorylation of Slm1p is necessary for its physical interaction with PI4,5P2 and 
TORC2, which coordinately recruit Slm1p to plasma membrane. Functionally, Slm1p 
which acts downstream of Mss4p-PI4,5P2, TORC and calcineurin, integrates inputs 
from different signaling pathways to regulate actin cytoskeleton organization, 
trafficking of nutrient transporters and cell viability (Audhya et al., 2004; Fadri et al., 
2005; Bultynck et al., 2006; Mulet et al., 2006; Tabuchi et al., 2006; Daquinag et al., 
2007; Dickson, 2008). 
In a TORC2 defective yeast strain, at nonpermissive temperature, around 90 
genes were up-regulated and no genes were significantly down-regulated compared 
with wild type strain, suggesting that TORC2 controls transcription negatively (Mulet 
et al., 2006). A set of genes that were up-regulated in TORC2 defective strain are 
targets of transcription activator CRZ1, of which the nuclear localization is dependent 
on its dephosphorylation by calcineurin. It was further shown that Slm proteins 
mediated the inhibition of TORC2 on the calcineurin-dependent CRZ1 nuclear 
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translocalization. Thus Slm1p indirectly affects transcription of certain genes. No 
direct transcriptional function was uncovered for Slm1p. In this study, Slm1p was 
demonstrated to interact with histone H2B, to associate with chromatin and to be 
required for HIS3 gene activation. In addition, Slm1p also affected the 
de-ubiquitination of H2B, which is related to transcription. These new findings 
suggest nuclear localization and direct transcriptional functions for Slm1p.  
Slm1p contains a pleckstrin homology (PH) domain, which is necessary for its 
binding to PI4,5P2, for its localization at membrane and for its cytoskeleton-regulator 
function (Fadri et al. 2005). It is noteworthy that the PH domain of Slm1p ranges 
from amino acids 469 to 581, whereas the histone-interacting fragment isolated from 
library was from amino acids 577 to 687 of the 687-amino acid protein. Thus, it is 
possible that Slm1p contains both PI4,5P2-interacting and histone H2B-interacting 
domains with which Slm1p is localized at plasma membrane and nucleus, respectively. 
Although the intracellular localization of Slm1p was not investigated in this project, 
there is some indirect evidence supporting Slm1p as a nuclear protein. Firstly, Slm1p 
was shown to bind to histone H2B and associate with chromatin in section 4.3.1 and 
4.3.3 of this chapter. Secondly, it was copurified together with other nuclear proteins 
from yeast extracts, such as Dot1p which is the nucleosomal histone H3-Lys79 
methylase, Bur1p which is a cyclin (Bur2p)-dependent protein kinase that functions in 
H2B ubiquitination, and Rad34p which is involved in nucleotide excision repair 
(Krogan et al., 2006). Thirdly, the lipid PI4,5P2 which recruits Slm1p to plasma 
membrane was reported to exist in both cytoplasm and nucleus (Yu et al., 1998; 
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Mortier et al., 2005; Jiang et al., 2006; Gonzales and Anderson, 2006). Furthermore, 
PI4,5P2 was observed to physically interact with histones H1 and H3 to regulate 
transcription (Yu et al., 1998; Jiang et al., 2006). Taken together, it suggests that 
Slm1p may be not only a membrane protein regulating cytoskeleton but also a nuclear 
protein regulating transcription.  
Previously, the cytoplasm and plasma membrane localizations of Slm1p were 
determined with either Slm1-GFP or HA-Slm1p, which fusions were not observed in 
nucleus (Huh, et al., 2003; Fadri et al., 2005). However, the fusion of Slm1p to a tag 
may affect its intracellular localization. One precedent is Tor1p, which is a core 
component of TORC1 complex. In one study, confocal microscopy demonstrated that 
the majority of HA-Tor1p was localized to the plasma membrane, and the remaining 
portion was distributed throughout the cell interior, whereas no HA-Tor1p was 
localized to the nucleus (Kunz et al., 2000). However, in another study, endogenous 
Tor1p was visualized in both cytoplasm and nucleus via indirect immunofluorescence 
microscope with Tor1p specific antibody. Moreover, the molecular mechanism by 
which Tor1p is translocated from cytoplasm to nucleus was also elucidated (Li et al., 
2006). Thus, the non-detection of Slm1p-GFP or HA-Slm1p in nucleus should not 
exclude the possibility of Slm1p as a nuclear protein. To accurately define the 
intracellular localization of Slm1p, an antibody unique to the endogenous Slm1p 
would be necessary. 
Slm1p was shown in this study to affect the deubiquitination of histone H2B, 
which was correlated with its effect on HIS3 transcription. Ubp8p, the enzyme for 
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H2B deubiquitination, is a subunit of SAGA complex, which can be recruited to the 
HIS3 gene by activator Gcn4p (Morillon et al., 2002; Topalidou et al., 2003). 
Rad6/Bre1, the enzyme for H2B ubiquitination of which the activity is regulated by 
Bur1/Bur2 protein kinase, acts in the same pathway with SAGA in gene transcription 
(Turner et al., 2002). The above information, together with the physical interactions of 
Slm1p with histone H2B (shown in this study) and histone modification-related 
proteins Dot1p, Bur1p (Krogan et al., 2006), raise the possibility that Slm1p exists in 
a HIS3 associated multiprotein-histone-modifying machinery where it regulate H2B 
deubiquitination and HIS3 transcription via Ubp8p. However, to clearly understand 














Conclusions and Future Work 
Chapter 5 
The histones help to pack DNA and to regulate the accessibility of DNA to 
biological processes, such as gene transcription, DNA replication, DNA repair and 
homologous recombination. Recent studies suggest that histones are able to recruit 
transcription factors to chromatin through physical interactions to either modulate 
chromatin structure or regulate PIC assembly and, in the end, regulate gene 
transcription. The physical interactions between the histones and transcription factors 
are often affected by the modification status of the histones because the modifications 
of certain residues, especially the residues within the N-terminal tails, can either 
expose/establish or block/disrupt the interacting surfaces on histones. It has been 
shown that some modification-specific histone-interacting proteins contain histone 
modifying enzymatic activities, such as the acetyltransferases Gcn5p and the histone 
demethylase JMJD2Ap, and many chromatin remodeling complexes, such as 
SWI/SNF and NURF. Furthermore these histone-interacting proteins are obviously 
important for transcriptional regulation. Therefore the main purposes of this study 
were to explore and identify histone-interacting proteins and to study the functions of 
histones and histone-interacting partners in transcriptional regulation. 
 
5.1 Conclusions 
5.1.1 Thirty-four novel histone-interacting candidates were isolated through 
library screening and four selected candidates were confirmed to interact 
with the core histones and to affect transcriptional regulation  
To identify novel histone-interacting proteins, yeast genomic DNA libraries 
were screened. Thirty-seven histone-interacting candidates were isolated from the 
libraries, including 34 novel candidates. According to the Saccharomyces Genome 
Database SGD, some candidates are involved in transcription (Rpb4p, Rpb8p, Bur6p, 
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Paf1p and Rvb2p), some are involved in DNA repair (Rad1p and Rtt107p), some are 
involved in RNA processing (Cus1p and Prp11p) and others are either of unknown 
function or related to other processes without DNA or RNA involvement. For the 
candidates of known function, their details and intracellular localizations are basically 
consistent with those of genuine histone-binding proteins, supporting the notion that 
these are physiological interactions. For the candidates of unknown function, 
exploration of their functions may provide more clues as to their physiological 
relationship with the histones.  
The isolation of the three known histone-interacting proteins Kri1p, Nop4p and 
Rvb2p indicates that the library screening system used in this project is able to isolate 
genuine protein-protein interactions. The absent of other documented histone-
interacting partners in the list of the isolated candidates might be due to the variation 
in yeast strains, yeast culture conditions and techniques applied by different research 
groups. The fact that 34 candidates have not been reported as histone-interacting 
proteins by other researchers suggests that this system is sensitive to study histone-
protein interactions but it might be prone to isolate false positive artifacts. There are 
two possible reasons for the isolation of artifacts in this study. One reason is that the 
histone-protein interactions were judged by yeast growth on FOA containing plates 
which was semiquantitative and the criterion for protein-protein interaction was set 
purposely quite generous  (the relative growth score 1, as described in table 2.2) to 
avoid missing the real histone-interactors, because the interesting candidates would be 
selected in subsequent study based on their potential transcriptional functions and 
their interactions with histones would be further demonstrated with other methods. 
The other possible reason is that the C-terminal Cub-RUra3 extension changed the 
intracellular localization of the histone proteins with a part of the histone-Cub-RUra3p 
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being localized in cytoplasm and wherein it interacted with some cytoplasmic proteins 
un-physiologically. There were 17 isolated candidates present out of nucleus. They 
should not interact with histones unless they are involved in the modifications of 
newly synthesized cytoplasmic histones, or in histone-nucleus import or they are 
translocated into nucleus under certain conditions. Therefore, the candidates localized 
in cytoplasm need to be treated with more caution. Anyway, the presence of false 
positive and false negative candidates is an inevitable problem of the large-scale 
library screening. Further in vivo and in vitro evidence is normally necessary to 
confirm the interactions.  
To confirm the physical interactions between the histones and certain histone-
interacting candidates, GST pull down assays had been performed. It was observed 
that four full-length candidates, Paf1p, Rpb4p, Slm1p and Ynl010wp, which showed 
transcription-related growth phenotypes, interacted with the core histones in vitro. 
The direct protein-protein interactions were examined with the bacterially expressed 
candidates and histones. The results showed that Ynl010wp interacted with H2A, 
Paf1p, Rpb4p and Slm1p interacted with H2B.  
The transcriptional functions of Paf1p, Rpb4p, Slm1p and Ynl010wp were 
subsequently studied with the help of gene deletion strains (phenotype and mRNA 
level examinations using mutated yeast strains). The results showed that null mutants 
of Paf1p, Rpb4p, Slm1p and Ynl010wp phenocopied certain histone mutations. The 
histone-interacting partners Paf1p, Rpb4p and Ynl010wp were associated with the 
HIS3 gene upon 3-AT induction, where they were required for HIS3 activation. 
Whereas Slm1p was associated with the HIS3 locus constitutively where it was 
required for HIS3 activation.  
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To explore the mechanisms of transcriptional regulation by the histones and the 
histone-interacting partners, the status of histone H2B modification was examined. 
The results showed that in PAF1, RPB4 and YNL010W null mutant strains, H2B 
mono-ubiquitination, which is indispensable for the transcriptional activation of some 
particular genes like HIS3 and GAL1, was reduced. By contrast, in the SLM1 null 
mutant, H2B mono-ubiquitination was significantly increased. It has been suggested 
that histone H2B is transiently mono-ubiquitinated and then de-ubiquitinated upon 
gene activation (Henry et al., 2003). Both ubiquitination and de-ubiquitination are 
important for transcription. The results presented in this thesis indicated that the 
effects of Paf1p, Rpb4p, Slm1p and Ynl010wp on H2B mono-ubiquitination were 
correlated with the transcriptional regulation of the HIS3 gene thus. 
Based on the results that the histones and the histone-interacting partners were 
simultaneously involved in the transcription of particular genes (e.g. HIS3), it was 
concluded that the histones and the histone-interacting partners, Paf1p, Rpb4p, Slm1p 
and Ynl010wp, work coordinately to regulate the transcription of certain genes. 
5.1.2 Paf1p is important for the transcription of a subset of genes and it is 
potential to affect histone modification in non-transcribed chromatin 
Paf1p is a RNA polymerase II-associated nuclear protein important for cell 
growth and transcriptional regulation of a subset of yeast genes (Betz et al., 2002), 
including the activation of HIS3 which was revealed in this study. The human 
homolog of yeast Paf1p is hPaf1 that was identified recently and was shown to be 
associated with tumorigenesis (Moniaux et al., 2006; Chaudhary et al., 2007). Paf1p 
is a core subunit of the PAF1 complex which minimally includes Paf1p, Ctr9p, 
Cdc73p, Rtf1p and Leo1p (Chang et al., 1999; Betz et al., 2002; Mueller et al., 2004). 
In conjunction with other elongation factors, such as Spt4p-Spt5p and Spt16p-Pob3p, 
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PAF1 complex was found to be associated with transcriptional active genes where it 
functions during elongation (Squazzo et al., 2002).  In agreement, Paf1p was herein 
observed to associate with both promoter and ORF regions of HIS3 upon induction.  
Ubiquitination of H2B-K123 by Rad6/Bre1 is indispensable for methylation of 
H3-K4/K79 which marks actively transcribed genes and helps to maintain the silent 
status of telomere by preventing spread of Sir2p from heterochromatin to euchromatin 
(Krogan et al., 2003; Ng et al., 2003b; Wood et al., 2003; Emre et al., 2005). To 
fulfill the function of maintaining silent heterochromatin, the distribution of 
ubiquitinated H2B and methylated H3 should be present in both transcribed and non-
transcribed euchromatin. In fact, although the genomic pattern of H2B ubiquitination 
was not reported, the relatively constant distribution of the H2B ubiquitination-
dependent dimethylated H3-K4/K79 was observed over euchromatin, indicating a 
relatively constant distribution of the ubiquitinated H2B catalyzed by Rad6/Bre1 in 
euchromatin (Ng et al., 2002; Ng et al., 2003a). In addition, the observation of H2B 
deubiquitylase UPB10 in telomere to antagonize H2B ubiquitination by Rad6/Bre1 
(Emre et al., 2005) suggests that Rad6/Bre1 could also be present in telomeric region.  
It was proposed that the PAF1 complex is required for the catalytic activity of 
Rad6/Bre1 (Wood et al., 2003). Several but not all subunits of PAF1 complex were 
reported to be important for histone H2B-K123 ubiquitination (Krogan et al., 2003; 
Ng et al., 2003b; Wood et al., 2003). However, PAF1 complex is only important for 
the transcription of a subset of genes and it is non-essential under permissive 
conditions. Furthermore, there are at least two complex forms of RNA polymerase II  
in yeast, one containing PAF1 and a second biochemically distinct form containing 
the SRBs (Chang et al., 1999). Thus, PAF1 complex, as a transcription elongator, 
should not be universally associated with chromatin. To solve this contradiction, it 
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was suggested that PAF1 complex or a subcomplex functions independently of its 
association with elongating polymerase II to mediate genome-wide ubiquitination of 
H2B (Ng et al, 2003b). Whereas how PAF1 complex or a subcomplex is recruited to 
non-transcribed chromatin was not clear. It is interesting that Paf1p was isolated as a 
histone-interacting protein and it directly interacted with histone H2B as  shown in 
this study. This novel finding indicates the possibility that Paf1p-containing complex 
is recruited to chromatin where RNA polymerase II is absent via the physical 
interaction between Paf1p and H2B. 
5.1.3 The interaction between Rpb4p and histone H2B would stabilize the 
association of RNA polymerase II with transcribed regions and Rpb4p might be 
required for transcription elongation of certain inducible genes 
Rpb4p was initially characterized in S. cerevisiae as the fourth largest subunits 
of RNA polymerase II (Woychik and Young, 1989). Genome sequencing revealed 
that the sequence of Rpb4p is conserved from archaea to humans (Khazak et al., 1998; 
Schaller et al., 1999; Choder, 2004; Sampath and Sadhale, 2005). RNA polymerase II 
is composed of 12 subunits, Rpb1p to Rpb12p (Young, 1991). The crystal structure of 
the RNA polymerase II includes two distinct structures: a ten-subunit core, 
constituting the bulk of RNA polymerase II structure; and a two-subunit complex 
comprising Rpb4p and Rpb7p (Jensen et al., 1998; Armache et al., 2003; Bushnell 
and Kornberg, 2003). The Rpb4/7 heterodimer is located at a strategic region in the 
complete enzyme, that is, in the vicinity of the RNA-exit groove and the C-terminal 
domain (CTD) of Rpb1p. Rpb4/7 interacts with the core of RNA polymerase II via 
two small core–dimer interfaces. Except for these local points of contact, the 
heterodimer is protruded away from the core polymerase and extends the upstream 
interacting face of polymerase II. The spacial position of Rpb4/7 in the complete 
 139
Chapter 5 
RNA polymerase II extends the capacity of the polymerase to interact with a variety 
of transcription factors (Armache et al., 2003).  
Rpb4p, unlike most polymerase II subunits including Rpb7p, is non-essential 
under optimal environmental conditions but essential under some adverse conditions, 
such as extreme temperatures, ethanol, or some starvation conditions, indicating its 
role in transcriptional regulation of certain stress response genes (Edwards et al., 1991; 
Pillai et al., 2001; Pillai et al., 2003; Sampath et al., 2003). It was suggested that 
RPB4 deletion strain was defective in transcription from some regulated promoters 
but not constitutive promoters (Choder, 2004; Sampath and Sadhale, 2005). In 
agreement, in this study, we found that Rpb4p is required for the 3-AT induced 
activation of HIS3. It is not surprising that Rpb4p, as a component of the core 
transcription machinery, affects the transcription process. However, The Rpb4/Rpb7 
heterodimer has two unique features. First, it is dissociable from the core polymerase, 
which may be related with the small interacting surface between the Rpb4/Rpb7 
dimer and the core polymerase (Edwards et al., 1991). Second, the Rpb4/Rpb7 dimer 
is associated with the RNA polymerase II in a sub-stoichiometric manner. In 
exponentially proliferating cells, only 20% of the polymerase II complexes contain 
Rpb4/Rpb7. By contrast, in starving cells that enter stationary phase, 100% of the 
polymerase II complexes contain Rpb4/Rpb7 (Choder and Young, 1993). These 
features indicate that, in optimally proliferating cells, either the interaction of 
Rpb4/Rpb7 with polymerase II is gene specific, or the interaction only occurs during 
some specific stages of the transcription cycle (Choder, 2004). The interaction of 
Rpb4p with histone H2B, which was originally identified in this study, should help to 




The molecular mechanism for Rpb4p function in transcriptional regulation was 
not well established. It was suggested that Rpb4p affects transcription initiation, since 
it interacts with TFIIB in the pre-initiation complex (PIC) and stabilizes the PIC 
(Jensen et al., 1998). In addition, in vitro transcription experiments showed that 
Rpb4/7 stimulated the initiation of transcription at a promoter and the polymerase 
lacking Rpb4/7 was unable to initiate specific transcription from activator dependent 
promoters. However, transcription elongation or promoter independent transcriptional 
activity of polymerase II lacking Rpb4p was not affected (Edwards et al., 1991; 
Bushnell and Kornberg, 2003). By contrast, the association of Rpb4p with transcribed 
genes was found to be at equal levels throughout the promoter, ORF and 3’ end of 
each examined genes, which matched the association pattern seen for the core of the 
polymerase, suggesting that Rpb4p was stoichiometically associated with core 
polymerase throughout the transcription cycle of certain genes (Runner et al., 2008).  
The result of this study is consistent with their findings by showing that Rpb4-myc9 
was associates with both the promoter and ORF regions of the activated HIS3, 
indicating that Rpb4p travels with polymerase II in the phase of elongation. 
Additionally, in this study, it was observed that the null mutant of RPB4 was sensitive 
to 6-AU, which is a phenotype often correlated with an elongation defect. Moreover, 
in RPB4 null mutant, the association of RNA polymerase was only slightly reduced at 
the promoter and ORF regions, and the reduction was most significant at the 3’end 
region (Runner et al., 2008). This pattern of polymerase association has some 
similarity to that seen in the elongation factor BUR1 null mutant and in cells treated 
with 6-AU, which inhibits transcription elongation by unbalancing the cellular 
nucleoside triphosphate concentrations (Keogh et al., 2003). Therefore, RNA 
polymerase II lacking Rpb4p may be defective in transcription elongation in vivo. 
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Furthermore, in this study, the RPB4 null mutant showed similar phenotypes to the 
mutant of PAF1, which is an elongation factor and the levels of ubiquitinated H2B 
were comparable in these two mutants. In addition, as also shown in this study, Rpb4p 
and Paf1p have similar association pattern along the HIS3 promoter and ORF regions. 
Our results, together with the published observations, suggest that Rpb4p functions in 
transcription elongation of certain activated genes. 
Besides its function in transcription, Rpb4p was reported to have a dual role in 
regulating two subpathways of transcription-coupled DNA repair (TCR): it represses 
the Rpb9-mediated sub-pathway that operates in transcribed regions and facilitates the 
Rad26-mediated sub-pathway that also operates in non-transcribed regions (Li and 
Smerdon, 2002). The role of Rpb4p in TCR of the non-transcribed region raises the 
question how can Rpb4p affect repair in non-transcribed DNA region. The 
observation in this study that Rpb4p physically interacted histone H2B suggests the 
possibility that the free Rpb4p or Rpb4/Rpb7 dimer dissociated from RNA 
polymerase II is recruited, by its interaction with histone H2B, to the non-transcribed 
region where it regulates DNA repair.  
Recently, Rpb4p and Rpb7p but not subunits of core polymerase were found to 
be relocated in cytoplasm in response to stresses of high temperatures, ethanol or 
starvation (Farago et al., 2003; Selitrennik et al., 2006). This cytoplasmic relocation 
of Rpb4p and Rpb7p was correlated with their newly characterized roles in mRNA 
export and mRNA decay (Farago et al., 2003; lotan et al., 2005). Therefore, Rpb4p 
has multiple biological functions and some are beyond its association with RNA 
polymerase II.  
5.1.4 Slm1p, interactor of histone H2B, could be translocated into nucleus and 
play a role in histone modification and transcriptional regulation. 
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TOR (Target Of Rapamycin) is a serine/threonine kinase and a central controller 
of cell growth, which is found in two structurally and functionally distinct, 
evolutionally conserved complexes, TORC1 and TORC2. TORC1 is sensitive to 
rapamycin and consists of either Tor1p or Tor2p, together with Kog1p, Lst8p, and 
Tco89p (Loewith et al., 2002; Reinke et al.  2004). TORC1 modulates translation 
initiation, inhibits protein turnover, contributes to tetrad formation, and represses the 
transcription of specific genes that are induced by nutrient starvation (Inoki et al., 
2005; Martin and Hall, 2005). TORC2 is not sensitive to rapamycin, does not include 
Tor1p and contains only Tor2p along with Avo1p, Avo2p, Tsc11p, Lst8p, Bit61p, 
Slm1p, and Slm2p (Loewith et al., 2002; Reinke et al., 2004; Fadri et al., 2005). 
TORC2 is involved in regulating actin cytoskeleton polarization during cell cycle 
progression, cell wall integrity, receptor endocytosis and represses the transcription of 
specific genes that are induced by high salt concentration (Schmidt et al., 1996; 
deHart et al., 2003; Mulet et al., 2006).  
 Slm1p and its homolog Slm2p associate with TORC2 through direct physical 
interaction with Avo2p and Bit61p; this interaction also serves to stabilize localization 
of Slm1p and Slm2p at the plasma membrane (Fadri et al., 2005). In addition, Slm1p 
and Slm2p physically interact with lipid PI4,5P2 and the CNA subunit of the 
calcineurin heterodimer (Mulet et al., 2006). So far, all the known functions of Slm1p 
are characterized in the context of the TORC2 complex. Slm1p is supposed to be an 
effector of PI4,5P2, TORC2 and calcineurin complexes and it integrates inputs from 
different signaling pathways to regulate actin cytoskeleton organization, trafficking of 
nutrient transporters and transcription of specific genes (Audhya et al., 2004; Fadri et 
al., 2005; Bultynck et al., 2006; Mulet et al., 2006; Tabuchi et al., 2006; Daquinag et 
al., 2007; Dickson, 2008). 
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Both TORC1 and TORC2 are present in plasma membrane and periplasma 
where they inhibit the transcription of specific genes by facilitating phosphorylation 
of the corresponding activators which results in the cytoplasm sequestration of the 
activators, such as Gln3p, Rtg1p, Msn2/4p and Crz1p (Crespo et al., 2002; Mulet et 
al., 2006). Thus, their influence on transcription of these genes is indirect and 
negative. However, in this study, TORC2 subunit Slm1p was found to interact with 
histone H2B, to associate with chromatin and to be required for HIS3 gene activation, 
which was correlated with its influence on H2B deubiquitination. These findings 
suggest the genomic distribution of Slm1p mediated by its interaction with histone 
H2B and a direct positive role of Slm1p in transcriptional regulation of specific genes. 
However, the question whether this direct and positive transcriptional function of 
Slm1p is carried out in the context of TORC2 complex needs further analysis. 
In this study, deletion of SLM1 caused accumulation of ubiquitinated H2B. 
Moreover, the null mutants of SLM1 and UBP8 showed similar growth phenotypes, 
suggesting a relationship between Slm1p and Ubp8p. Ubp8p is a component of 
SAGA complex, which is recruited to target genes by specific activators and functions 
in the activation of certain genes, for instance HIS3. It is possible that Slm1p regulates 
the H2B-deubiquitylase activity of Ubp8p when they coexist on the HIS3 locus. In 
this study, Slm1p was detected not only on the inducible gene HIS3, but also on the 
constitutive gene ACT1 and an intergenic region in chromosome III where SAGA is 
not present. Although there is no evidence for SAGA-independent genomic 
association of Ubp8p, it was suggested that a portion of Ubp8p may act outside of 
SAGA to deubiquitinate H2B, since, firstly, the level of ubiquitinated H2B increased 
in UBP8 mutant cultured in rich media, where the association of SAGA to chromatin 
is low; secondly, disruption of SAGA integrity affected H2B deubiquitination at a less 
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extent than the effect of UBP8 deletion (Henry et al., 2003). An alternative possibility 
for the relationship between Slm1p and Ubp8p is that Slm1p might be required for 
efficient expression or stability of Ubp8p, thus the acculmulation of ubiquitinated 
H2B would be caused by Ubp8p shortage in SLM1 deletion strain. 
5.1.5 The H2A-interacting protein Ynl010wp might target phosphorylated 
proteins whose phosphorylation is inhibitory for transcription 
In eukaryotes, protein phosphorylation and dephosphorylation is an important 
way to switch on and off of protein functions. In the process of transcription, RNA 
polymerase II, transcription factors, histones and so on are substrates of 
phosphorylation/dephosphorylation.  Firstly, the CTD (C-terminal domain) of RNA 
polymerase II is differently phosphorylated at Ser2 and Ser5 of the heptapeptide 
repeat sequence (YSPTSPS) during transcription. At initiation phase, Ser5 is the main 
target for CTD kinases, TFIIH and Mediators (Ohkuma and Roeder, 1994;  
Hengartner et al., 1998). During elongation phase, Ser2 is the main target for the CTD 
kinase, P-TEFb (Ni et al., 2004). Ser2 and Ser5 phosphorylation and 
dephosphorylation of the CTD heptapeptide are dynamically regulated during the 
transcription cycle. To date, several CTD phosphatases (FCP1, SCP1 and Ssu72) are 
identified to preferentially function in RNA polymerase II recycling (Hirose and 
Ohkuma, 2007). Secondly, the transcription repressor activity of Opi1p, which 
regulates phospholipid synthesis in S. cerevisiae, is regulated by multiple 
phosphorylations catalyzed by protein kinases A, C and casein kinase II (Chang and 
Carman, 2006). Thirdly, the phosphorylation of H3-S10 is a positive mark for 
transcription and the phosphorylation of H2A-S1 is a negative mark for transcription 
in mammalian cells (Ito, 2007).  
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In this study, Ynl010wp physically interacted with histone H2A and was 
recruited to the HIS3 promoter where it was required for the activation of HIS3. 
Therefore, the previously uncharacterized protein Ynl010wp should play a role in the 
regulation of HIS3. Database searching revealed that the amino acid sequence of 
Ynl010wp shows around 90% similarity to phosphoserine phosphatases in bacterium, 
such as A. fulgidus and N. caesariensis. This information raises the possibility that 
Ynl010wp functions as a phosphoserine phosphatase to dephosphorylate its substrate 
whose phosphorylation or overphosphorylation at the promoter region of HIS3 inhibit 
transcription, whereas its phosphatase activity and substrates, which cannot be 
deduced from results of this study, need further investigation. 
5.2 Future work 
5.2.1 Investigation of the intracellular localization of Slm1p 
Slm1p was previously reported to be associated with plasma membrane via its 
physical interactions with PI4,5P2 and the TORC2 complex (Fadri et al. 2005). 
However, there is also some indirect evidence supporting Slm1p as a nuclear protein 
as discussed in section 4.4. The non-detection of Slm1p-GFP or HA-Slm1p in nucleus 
should not exclude the possibility of Slm1p as a nuclear protein. A precedent of 
nucleus translocation for PI4,5P2 binding protein is the transcription regulator Tubby.  
Tubby localizes to the plasma membrane by binding PI4,5P2 with its C-terminal 
domain. Tubby was shown to be released from the plasma membrane through the 
hydrolysis of PI4,5P2 by phospholipase,  which triggered translocation of tubby to the 
cell nucleus (Santagata et al., 2001). Thus the PI4,5P2 binding protein Slm1p is 
possible to be translocated into nucleus by a similar mechanism.  
Previously, the cytoplasm and plasma membrane localizations of Slm1p were 
determined with either Slm1-GFP or HA-Slm1p, which fusions were not observed in 
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nucleus (Huh, et al., 2003; Fadri et al., 2005). To accurately define the intracellular 
localization of Slm1p, an antibody unique to the endogenous Slm1p would be ideal. 
5.2.2 Mapping of protein-interacting domains 
 
In this study, the histone-interacting partners had been shown to interact with 
histone in vivo and in vitro. But to further study the significance of protein-protein 
interactions, it is often necessary to map the interacting domains and to investigate the 
effects of the interacting surface disruption on protein function. The isolated histone-
interacting protein fragments indicate the position of the histone-binding domain 
within the full-length protein. In this study, due to the limitation of time, more 
detailed mapping of the interaction domains had to be left for future work. To map 
protein interaction domains, the expression of peptide fragments and the testing of 
different fragments would be helpful. Alternatively, deletion of amino acid sequences 
within the interacting proteins would be a choice, too. Growth phenotypes of yeast 
strains with mutation on the interacting surfaces would imply the significances of the 
protein-protein interactions. 
 
5.2.3 Examining the biochemical functions of Slm1p and Ynl010wp and their 
global transcriptional functions 
As described in chapter 4, Slm1p may affect histone H2B de-ubiquitination 
through Ubp8p. Figure 4.5 showed, however, that the SLM1 null mutant displayed a 
more severe growth defect on 3-AT plates than the UBP8 null mutant. This suggests 
that, in addition to its effect on H2B de-ubiquitination, Slm1p might regulate the 
transcription of the HIS3 gene through yet another mechanism. Therefore, it would be 
interesting to determine the biochemical functions of Slm1p in order to fully 
understand its role in H2B de-ubiquitination and HIS3 gene regulation. 
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Our knowledge about the influences of histone phosphorylation on gene 
regulation is still limited. A global ChIP-on-ChIP analysis revealed that most 
mitogen-activated protein kinases and protein kinase A subunits are physically 
associated with the target genes in the yeast genome (Pokholok et al., 2006), which 
suggests that phosphorylation of chromatin proteins including the histones should 
occur quite frequently. The phosphatases which reverse serine phosphorylation should 
also have important roles in transcriptional regulation. The novel H2A-interacting 
protein Ynl010wp, which was demonstrated to affect HIS3 gene transcription herein, 
is homologous to phosphoserine phosphatases. Therefore, it would be interesting to 
see if Ynl010wp is indeed a phosphatase and to study its substrate specificity.  
Previously, Slm1p and Ynl010wp were not known to be directly related with 
transcriptional regulation. In this study, Slm1p and Ynl010wp were demonstrated to 
affect HIS3 gene activation. In the future, microarray analyses of slm1 and ynl010w 
mutants could reveal whether they have more global transcriptional function. 
 
In summary, in this study, the elongation factor Paf1p and the subunit of RNA 
polymerase II Rpb4p were for the first time observed to directly interact with histone 
H2B. Moreover, in this study, the previously uncharacterized proteins Ynl010wp and 
the cytoskeleton regulating protein Slm1p were found to interact with histones H2A 
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1. Primers designed in this study 
1.1 Primers for the cloning of Nub-fused full-length candidates 
BUR6: 
5’BUR6-BamH I: 5’-tcgggatcctaatggcagatcaagtacca-3’ 
3’BUR6-stp-Not I: 5’-gccgcggccgctcaggcactctcttcctccg-3’ 
PAF1: 
5’PAF1-BamH I: 5’-tcgggatcccaatgtccaaaaaacaggaa-3’ 
3’PAF1-stp-Not I: 5’-gccgcggccgctattcttcttgtaaagttt-3’ 
RPB4: 
5’RPB4-BamH I: 5’-tcgggatccaaatgaatgtttctacatca-3’ 
3’RPB4-stp-Not I: 5’-gccgcggccgcttaatagagtgtttctaggt-3’ 
RPB8: 
5’RPB8-BamH I: 5’-tcgggatcccaatgtctaacactctattt-3’ 
3’RPB8-stp-Not I: 5’-gccgcggccgctaacgacgaatcaaaagat-3’ 
SLM1: 
5’YIL105C-Sal I: 5’-tcggtcgacaaatgtcgaaaaacaacaca-3’ 
3’YIL105C-stp-Not I: 5’-gccgcggccgcttatgatttgaaatxgtt-3’ 
YNL010W: 
5’YNL010W-Sal I: 5’-tcggtcgacaaatggtcaaagctgttatt-3’ 
3’YNL010W-stp-Not I: 5’-gccgcggccgcctaattttccatcaattc-3’ 















1.3 Primers for the cloning of full-length core histones 
GST-HTA1: 
5’Hta1-EcoR I: 5’-gccgaattcaaaatgtccggtggtaaaggtgg-3’ 
3’Hta1stp-Not I: 5’-gccgccgcggccgctataattcttgagaagccttg-3’ 
GST-HTB1: 
5’Htb1-EcoR I: 5’-gccgaattcaaaatgtctgctaaagccgaaaa-3’ 
3’Htb1stp-Not I: 5’-gccgccgcggccgcttatgcttgagtagaggaag-3’ 
GST-HHT1: 
5’Hht1-EcoR I: 5’-gccgaattcaaaatggccagaacaaagcaaac-3’ 
3’Hht1stp-Not I: 5’-gccgccgcggccgctatgatctttcacctctta-3’ 
GST-HHF1: 
5’Hhf1-EcoR I: 5’-gccgaattcaaaatgtccggtagaggtaaagg-3’ 
3’Hhf1stp-Not I: 5’-gccgccgcggccgcttaaccaccgaaaccgtata-3’ 
ycplac111-HTA1: 
5’Phta1-750-EcoR I: 5’-gccgaattcgaaaatgcggaaagagaa-3’ 




5’Phtb1-500-EcoR I: 5’-gccgaattcttcaacaacgacgagtt-3’ 
3’Thtb1-500-Sal I: 5’-gccgccgtcgacgtgcgtattctattgttc-3’ 
ycplac111-HHT1: 
5’Phht1-500-EcoR I: 5’-gccgaattctgtgacgcttggcacca-3’ 
3’Thht1-500-Sal I: 5’-gccgccgtcgacaccccaacctactccaa-3’ 
ycplac111-HHF1: 
5’Phht1-500-EcoR I: 5’-gccgaattcgttatcttccacgctaa-3’ 
3’Thhf1-500-Sal I: 5’-gccgccgtcgaccacacacgaaaatcctg-3’ 




























1.6 Primers for ChIP and real-time PCR  
HIS3 promoter:  
5’HIS3-207-CHIP: 5’-ctattactcttggcctcctcta-3’ 
3’HIS3-43-CHIP:   5’-cttcgaagaaatcacattactt-3’ 
HIS3 ORF 









18s F: 5’-attcctagtaagcgcaagtcatcag-3’ 
18s R: 5’-gacgggcggtgtgtacaaa-3’ 
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Appendices 
2. Buffers used in this study 
2.1 Buffers for SDS-PAGE 
1) 1.5M Tris-HCl, pH 8.8: Tris 182 g/l. Adjust pH with concentrated HCl. 
2) 0.5M Tris-HCl, pH 6.8: Tris 60.5 g/l. Adjust pH with concentrated HCl. 
3) 12% separating gel (for 1 gel): 3.3ml of sterile water, 4 ml of 30% Bis-
Acrylamide, 2.5ml of 1.5M Tris-HCl, pH 8.8, 100 µl of 10% (w/w) SDS, 100 
µl of 10% APS, 4µl of TEMED. 
4) 4% Stacking Gel (for 1 gel): 3.05ml of sterile water, 0.65 ml of 30% Bis-
Acrylamide, 1.25ml of 0.5M Tris-HCl, pH 6.8, 50 µl of 10% (w/w) SDS, 50 
µl of 10% APS, 5µl of TEMED. 
5) Gel staining solution: 10% (v/v) Acetic Acid, 20% (v/v) Methanol, 0.02% 
Coomassie Blue. 
6) Gel preservation solution: 10% (v/v) glycerol, 10% (v/v) acetic acid. 
2.2 Buffers for western blot 
1) 5 × transfer buffer: 25 g of Tris, 145 g of glycine and 5 g of SDS dissolved in 
1000 ml of sterile water. 
2) 1 × transfer buffer: 200 ml of 5 × transfer buffer, 200 ml of methanol, top up 
to 1000 ml with sterile water. 
3) Blocking solution (5% non-fat milk): 5 g of skim milk, 1 ml of 1M Tris, pH7.5, 
100 ml of sterile water. 
4) Rinsing solution: 100 ml of TBST buffer with 1 g of skim milk. 
5) TBST: 0.1% tween-20, 100mM Tris-HCl, pH 7.4, 0.9% or 150 mM NaCl. 
6) Coomassie blue staining solution: 50% methonal (v/v), 0.05% coomassie 




2.3 Buffers for ChIP assay 
1) Yeast extracting buffer: 100mM Tris, pH7.5, 50mM KCl, 1mM EDTA, 0.1% 
NP40, 1mM DTT, 1mM PMSF, protease inhibitors. 
2) ChIP wash buffer: 10 mM Tris•Cl pH 8.0, 0.25 M LiCl, 1 mM EDTA, 0.5% 
Nonidet P-40, 0.5% sodium deoxycholate. 
3) ChIP elution buffer: 50 mM Tris•Cl, pH 7.5, 10 mM EDTA, 1% SDS. 
 
3. Media used in this study 
Synthetic complete media with selective amino acid-dropout: 15 g of 
glucose/galactose, 7 g of amino acid free nitrogen base, 0.7 g of amino acid premix 
(Table S1). For solid media, add 20 g of agar. 
 
 










Adenine sulfate 20 L-Isoleucine 30 
Uracil 20 L-Lysine-HCl 30 
L-Tryptophan 20 L-Phenylalanine 50 
L-Histidine-HCl 20 L-Glutamic acid 100 
L-Arginine-HCl 20 L-Aspartic acid 100 
L-Methionine 20 L-Valine 150 
L-Tyrosine 30 L-Threonine 200 
L-Leucine 30 L-Serine 400 
Note: For selective media, drop out the corresponding constituent/constituents when 





4. Protein expression of histone-interacting fragments isolated through library 
screening and results of GST pulldown assays performed with these fragments 
The Nub fusion plasmids isolated from the library were transformed into the 
S. cerevisiae strain JD52 and then the yeast cells were cultured in SC/-Leu broth to 
OD600nm≈1.0. Western blot was carried out to detect the Nub-HA tagged protein 
fragments in yeast extracts with anti-HA antibody. For the 26 detectable candidates, 
GST pull down was performed. The results were summarized in table S2. 
Table S2 Protein-expression levels of histone-interacting fragments and results of GST pull                  
down assays 
Candidate Detectable GST Pull down 
ACP1 + - 
ADD37 + - 
ATC1 + - 
BUR6 + - 
CDC3 + - 
CUS1 - N.D. 
DAP1 + + 
DID4 - N.D. 
FUN30 + - 
GRE1 - N.D. 
JJJ3 - N.D. 
KRI1 + - 
NOP4 + - 
NUP53 + + 
PAF1 - N.D. 
PAM1 - N.D. 
PAN1 + - 
PRP11 - N.D. 
PYC2 + + 
RAD1 + - 
RCR1 - N.D. 
ROK1 + - 
RPB4 + - 
RPB8 + + 
RTT107 + + 
RVB2 + - 
SLM1 + - 
SRP1 + - 
SRP14 + - 
SSE2 + - 
SSO2 + - 
TUF1 + + 
UIP4 - N.D. 
VTC2 - N.D. 
YNL010W + - 
YPR013C + - 
ZRG8 - N.D. 
 192
Appendices 
 5. In the YNL010W deletion strain, the HIS3 gene activation was as good as in 
wild type strain when yeast was cultured in liquid media  
Deletion of YNL010W resulted in 3-AT sensitivity with cells grown on plates 
(Figure 3.3C), but when the mutated yeast strain was cultured in liquid media, the 
HIS3 gene was induced by 3-AT as significantly as in the wild type strain (Figure S1). 
To understand why the null mutant of YNL010W was 3-AT sensitive on plate, the 
determination of the HIS3 mRNA level was repeated with cells cultured on plates. 













1 2 3 4
WT, SC broth 
WT, 3AT broth 
Ynl010w, SC broth 
















Figure S1 Th and in wild
type strain 
Wild type yeast strains BY4741 and the isogenous null mutant of YNL010W were cultured in
 
synthetic complete (SC) media to OD600nm≈1.0, and then switched to SC/-His + 100mM 3AT media
for 30 minutes. Total RNA was isolated to perform RT and real-time PCR. ACT1 was used for
 
normalization. HIS3 mRNA level in uninduced (cultured in SC broth) cells was set as 1. Error bars
were calculated from 3 independent experiments. 
 
6. Selection of internal control for quantitative real time PCR  
ACT1 is a constitutive gene of which the mRNA level is relatively stable, thus it 
is usually used as an internal control in the quantitation of mRNA of other genes. 
Surprisingly, our results showed that the transcription of the HIS3 gene was repressed 
in wild type yeast cultured on 3-AT plates if the ACT1 gene was used to normalize the 
data (Table S3). This could not be explained by the property of 3-AT, which is an 




















































































































































































































































































































































































































































































































































































































































































































































































































































Act1p is an important component of cellular skeleton, which might be differently 
transcribed in yeast cells cultured in liquid media and on plates, thus another widely 
used reference 18S rRNA was applied to repeat the real-time PCR assays. The results 
showed that the HIS3 mRNA level was 1.27-fold higher in yeast cells grown on the 3-
AT plate than in yeast cells grown on the SC plate (Table S4). It seems that ACT1 was 
not suitable for normalization of yeast cells cultured on plates, therefore the reference 
18S rRNA was used to normalize the mRNA of HIS3 in the real-time PCR assays of 
cells cultured on plates.  
For yeast cultured in liquid media, there was no difference for the results of the 
real-time PCR assays using ACT1 (Table S5) or 18S rRNA (Table S6) for 
normalization. Thus, both ACT1 and 18S rRNA were suitable references for real-time 
PCR assays when yeast cells were cultured in liquid media. 
 










































WL                         UWL                        100UWL                   FWL                     100FWL 
H2A-Cub-RUra3p 
A 
Figure S2 Most Nub-fused candidates isolated from the library showed interaction with
histone-Cub-RUra3p in the Split-Ubiquitin assay 
JD52 cells co-expressing histone-Cub-RUra3p and the depicted Nub-fused candidates were ten-fold
serial diluted and spotted onto the indicated plates. Interaction between the two respective proteins
was revealed by growth defects on the uracil-lacking plates UWL and 100UWL and by growth on
the 5-FOA-containing plates FWL and 100FWL. 100 mM CuSO4 added to the 100UWL and
100FWL plates enhanced the expression of histone-Cub-RUra3p.  
A. Interactions between H2A-Cub-RUra3p and the Nub-fused candidates. Nub-H2B and Nub served















































WL                         UWL                        100UWL                   FWL                     100FWL 
H2B-Cub-RUra3p 
Figure S2 Most Nub-fused candidates isolated from the library showed interaction with
histone-Cub-RUra3p in the Split-Ubiquitin assay 
JD52 cells co-expressing histone-Cub-RUra3p and the depicted Nub-fused candidates were ten-fold
serial diluted and spotted onto the indicated plates. Interaction between the two respective proteins
was revealed by growth defects on the uracil-lacking plates UWL and 100UWL and by growth on
the 5-FOA-containing plates FWL and 100FWL. 100 mM CuSO4 added to the 100UWL and
100FWL plates enhanced the expression of histone-Cub-RUra3p. 
B   Interactions between H2B-Cub-RUra3p and the Nub-fused candidates. Nub-H2A and Nub served
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WL                         UWL                        100UWL                   FWL                     100FWL 
H3-Cub-RUra3p 
Figure S2 Most Nub-fused candidates isolated from the library showed interaction with
histone-Cub-RUra3p in the Split-Ubiquitin assay 
JD52 cells co-expressing histone-Cub-RUra3p and the depicted Nub-fused candidates were ten-fold
serial diluted and spotted onto the indicated plates. Interaction between the two respective proteins
was revealed by growth defects on the uracil-lacking plates UWL and 100UWL and by growth on
the 5-FOA-containing plates FWL and 100FWL. 100 mM CuSO4 added to the 100UWL and
100FWL plates enhanced the expression of histone-Cub-RUra3p. 
C   Interactions between H3-Cub-RUra3p and the Nub-fused candidates. Nub-H4 and Nub served as









































WL                         UWL                        100UWL                   FWL                     100FWL 
H4-Cub-RUra3p 
Figure S2 Most Nub-fused candidates isolated from the library showed interaction with
histone-Cub-RUra3p in the Split-Ubiquitin assay 
JD52 cells co-expressing histone-Cub-RUra3p and the depicted Nub-fused candidates were ten-fold
serial diluted and spotted onto the indicated plates. Interaction between the two respective proteins
was revealed by growth defects on the uracil-lacking plates UWL and 100UWL and by growth on
the 5-FOA-containing plates FWL and 100FWL. 100 mM CuSO4 added to the 100UWL and
100FWL plates enhanced the expression of histone-Cub-RUra3p. 
D   Interactions between H4-Cub-RUra3p and the Nub-fused candidates. Nub-H3 and Nub served as







Figure S3. The total RNA isolated for real-time PCR assay
was good in terms of integrity 
 
Yeast cells were cultured until OD600nm reached 0.8-1.0. Total
RNA was isolated with RNeasy kit and analyzed with
electrophoresis with formaldehyde agarose gel. The bands of
23S and 18S rRNA were clear and sharp, with a density ratio
about 2:1, reflecting the good quality of total RNA. Lane 1,
RNA marker. Lane 2 and 3, two representative samples of























Figure S4. The sizes of chromatin DNA fragments ranged
form 100-800 base pair 
 
Yeast cells, cross-linked with 1% formaldehyde, were broken
by bead beating and centrifuged at 4°C to precipitate the
chromatin, which was then sonicated to fragmentize DNA.
DNA fragments were extracted from the sonicates and
analyzed with a 1.5% agarose gel. Lane 1, pGEM DNA
marker. Lane 2 and 3, Fragments of chromatin DNA. The
length of the fragments ranges from 100 to 800 bp and the
























Figure S5. Dissociation curves of PCR products amplified with HIS3 ORF primers 
Total RNA isolated from yeast samples was converted to cDNA by reverse transcription. The
cDNA was amplified by quantitative real-time PCR using the ABI 7000 detection system. The
dissociation curves were analyzed at the end of the PCR program to show the specificity of the




















































Figure S6. Amplification plots of PCR products amplified with HIS3 or the reference ACT1
ORF primers 
 
Total RNA isolated from yeast samples was converted to cDNA firstly. The cDNA was then
amplified by quantitative real-time PCR reactions using the ABI 7000 detection system. As shown by
the amplification curves, the curves of the increasing phase are nearly parallel to each other, which
indicates that the amplification efficiency of the PCR reactions for HIS3 and ACT1 was similar.  
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